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ABSTRACT 


Pb(Zr, Tin )0o piezoelectric ceramic specimen sets 
with x=0.50 were prepared by the mixed oxide route under 
various calcination and sintering condition; in the 
presence of a ZrOp rich pZ+Z atmosphere powder (27 mole 
PbO and 73 mole / ZrQp). 

The composition fluctuation of each specimen set 
•'-’as measured, employing the X-ray line profile analysis 
technique. The fluctuation decreased from 16.71;Z to 
3. 34 / and from 4 . 22 / to 1 . 40 /. on increasing the calci- 
nation temperature from 76C°C to 960° C ( calcination time- 
1 hr) and calcination time from 1 hr to 5 hrs (calcination 
temperature = 860°C) respectively. The sintering temper- 
ature and time were 126C°C and 1 hr in each case. Increa- 
sing the sintering temperature from 1C0°C to 126U°C lowered 
the inhomogeneity from 26 . 6 /. to 4 . 22 / but a higher sinter- 
ing temperature of 1350°C increased the inhornogenei ty to 
21.2><. Increasing the sintering time from 1 hr to 7 hrs 
also increased the homogeneity from 4 . 22 / to 33 /. The 
apparent anomaly in the composition fluctuation data is 
due to zirconia precipitation from the PZT solid solu- 
tion . Scanning electron micrographs of these specimens 
confirmed the precipitated Zirconia phase. Also each 
of the prepared specimens showed the existence of both 



the tetragonal and rhombohedrai phases 


The piezoelectric strain coefficients, d 33 
of these specimens were also determined. The values 
ranged from 114.7 to 177. with specimens of lower 
composition fluctuations showing better d 00 values on 

O O 

the average. It was also observed that the fluctuations 
in the measured values correlate well with the compo- 
sition fluctuation. 


The Vickers hardness increased from 5.7 
to 114.29 and from 15.13 to 27.53 on Increasing 

the calcination temperature from 760°C to 960°C and 
the calcination time from 1 to 5 hrs. Each of these sets 
was sintered at 1200°C for 1 hr. Thus with decrease in 
composition fluctuation, the Vickers hardness (H ) impro- 
ved in this case. However samples which were sintered at 
high temperature (1350°C) or long periods (7 hrs) and which 
contained the highest amount of precipitated ZrO^ showed 
a partial recorvery in hardness values inspite of their 
high composition fluctuation. This could have been 
possibly due to the strengthening action of precipitated 
ZrC^. 



CHAPTER 1 


INTRODUCTION TO PIEZOELECTRICITY AND PIEZOELECTRIC MATERIALS 


1.1 Piezoelectricity: 

Piezoelectricity is property possessed by a 
select group of materials which literally means pressure 
electricity. Cady [l] defined it as 'electric polarisation 
produced by mechanical strain in crystals belonging to 
certain classes, the polarisation being proportional to the 
strain and changing sign with it'. Two effects are obser- 
ved in piezoelectricity- the direct and the converse. The 
direct effect is the creation of an electric charge by the 
application of stress on the piezoelectric solid. The charge 
is proportional to the force, and is therefore of opposite 
sign for compression and tension. In terms of dielectric 
displacement' D' (charge Q per unit area) and stress ' T' we 
may write 

D = £ = dT (d expressed in coulombs/Newton) ... (l . 

The converse effect is manifested when an applied field '£' 
produces a proportional strain '3'$ expansion or contraction 
depending on the polarity. 

S = dE ( d expressed in meters/volt). ....(1. 

For both effects* the proportionality constant is the piezo- 
electric constant 'd 'which is mumerically identical in both 


cases 
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H _ D _ s (1.3) 

T “ E 

1.2 Piezoelectric Crystals and the Ferroelectric Subclass: 

The materials which show the piezoelectric 
phenomena belong to either of 20 specific classes of the 
32 point groups into which all crystalline materials are 
divided. Each of the piezoelectric point groups lack a 
centre of symmetry. A further subgroup can be made, 
consisting of those ten classes which contain a unique 
polar axis ( an electric dipole moment) in the unstrained 
condition. This is the pyroelectric subclass, Fig. 1.1 
summarises the inter relationship of piezoelectrics and 
subgroups on the basis of internal crystal symmetry. 

To visualise piezoelectricity, it is useful to 
consider a crystal each unit cell of which has a dipole. A 
dipole results from a difference between the centre of the 
positive charges and the centre of the negative charges in 
a unit cell. In piezoelectric but non pyrolectric crystals 
the dipolar moments are arranged in several compensating 

directions such that there is no net crystal dipole. When 
a pressure is applied, one of the directions is favoured 
and a net crystal dipole is created. For example, in quartz 
a principal direction along which a pressure will generate 
a charge is the 'a' axis ( or ' X* axis). Because, there are 
three such axes, symmetrically spaced 120° apart in a plane, 
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a uniform hydrostatic stress will affect each axis 
equallyj the net charge will be zero* But a pressure app- 

lied to an individual * a* axis compresses one dipole at 
the expense of the other two; charge is created. 

Ferroelectric! ty is defined as reversibility 
in a polar crystal of the direction of the electric dipole 
by means of an applied electric field. Since it requires 
polarity in a crystal, it can occur only in the pyroele- 
ctric crystal classes. However the existence of a dipole 
does not guarantee that it can bo reversed by an electric 
field; it could require a field greater than the breakdown 
field, or ihere might be an asymmetric and irreversible 

arrangement of the atoms. Tourmaline and hexagonal CdS are 
pyroelectric, but not ferroelectric. Thus we see that even if 
pyroelectrics are piezoelectric, pyroelectricity is a funda- 
mental phenomenon distinct from piezoelectricity because 
it rests on different symmetry conditions and ferroelcct- 
ricity is an empirical distinction between one type of 
pyroelectric crystal and another on the basis of experimental 
observation of the reversibility of dipoles by means of an 
external electric field. 

To allow the dipoles to change direction, the 
’energy hump’ between the two directional states must be 
low. This means that the non polar state is only slightly 
less stable, so that on raising the temperature above 


a certain critical value the material transforms to the 
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non polar form from the polar ferroelectric. This 
critical temperature ' T 0 * is called the curie temperature 
and above it the dielectric constant of the material obeys 
the Curie-Weiss law. 


K-l = ( — ScT- > 1#4 

I— l Q 

Above the Curie temperature the material is said to exhibit 
paraelectric behaviour. 

1.3 The Antiferroelectrici ty Concept: 

A related term that should be defined at this 
point is antif erroelec trici ty. The concept rose when it was 
suspected that certain materials showing a high dielectric 
constant peak at the Curie temperature and obeying the 
Curie - Weiss law above it could be non-polar, rather than 
ferroelectric below the inversion temperature. Kittel [2] 
developed the theory of antiferroelec trici ty and defined 
an antif errolec trie to be a material whose subcells show 
a polar arrangement, but in which adjacent subcells are 
oppositely polarised, giving a net zero polarisation and 
a centre of symmetry. This is in direct contrast to the 
subcell arrangement in ferroelectric materials where each 
subcell in an individual domain is polarised in the same 
direction. 


The high dielectric constant frequently associated 
with the antipolar arrangement ’made the 


concept of 
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antif erroelectricity useful. Jona , et al [3] 
recognised this and they stated that an antipolar 
crystal has free energy comparable to a polar crystal. 

The antif erroelectric crystal therefore like its ferro- 
electric counterpart obeys the Curie-VVeiss law above 
the Curie temperature. Experimental evidence on PbZrO^, 
and possibly other antif erroelec tries as well hove shown 
that the compensating antipolar arrangement need not exist 
in all three directions. In PbZrO^, the arrangement is 
antipolar in two directions, but a net polarity was 
reported, in the third direction [4] which is not switch- 
able. Thus antif erroelectricity does not preclude the 
existence of a separate non-reversible dipole. 

1.4 The Piezoelectric effect in Ceramics: 

A ceramic is an agglomeration of small crystals, 
fitted together in a random way. As a ceramic gets cooled 
from the high temperature paraelectric state to the ferro- 
electric state, the unit cell deforms usually with a length- 
ening in the direction of the polar axis. Intergranular 
stresses are minimised by the formation of domains, regions 
within each grain that have common orientation of the 
spontaneous dipole. The polarisation direction of domains 
are basically high temperature symmetry axes ( such as 
<001 >, <110> or <111 >). /uigles between the dipoles of 
adjacent domains are those between the symmetry axes, 
e.g. 90°, 180°, 71°, etc, modified slightly by the ferro- 

electric deformation. Crystallographically, domain structure 
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is a type of twinning. 

The most important piezoelectric ceramics 
crystallise in the perovskite structure. This structure 
may be described as a simple cubic unit cell with a large 
cation (A) on the corners, a smaller cation (B) in the 
body center, and oxygens (0) in the centres of the faces 
(Fig. 1.2). The structure is a network of corner linked 
oxygen octahedra, with the smaller cation filling the 
octohedral holes and the largercation filling the dodeca- 
hedral holes [5], A wide variety of cations can be 
substituted in the perovskite structure [6]. The relationship 

t = (R a +A 0 )/V 2(R b +A q ) (1.5) 

describes the ideal perovskite structure where t=1.0 and 
A a » and H 0 indicate the ionic radius of the large 

cation, small cation and anion respectively. In practice 

those structures whose tolerance factor t=0.95 to 1.0 are 

»t’ 

cubic ; those with lower/v alues are slightly distorted but 
non-f err oelec trie, and those with * t * over 1.0 tend to be 
ferroelectric. Polarisabili ty of the ions is also an 
influential parameter. While considering this 1 hardsphere* 
model of ions in contact, it is also necessary to consider 
that the bonding is not necessarily completely ionic [7]. 

Why the perovskite structure favours polari- 
sation in the crystal lattice is best explained by 
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considering the case of Barium Titanate. 3aTi0 3 , on 
cooling through its Curie point, transforms from the 
cubic to the tetragonal structure by elongating along 
a cube axis ( Fig. 1.3) 0 The other two cube axes contra- 
ct. The centers of the positive and negative charges do 
not coincide thereafter local dipoles are created 

throughout the crystal promoting f erroelectricity. The 

unit cells in each domain align in the same direction 
giving rise to a net polarisation in the domain. As 
there are six possible directions for the polar tetragonal 
axis in the crystal, a rather complicated twinning or domain 
pattern results. The resulting domain pattern is a func- 
tion of the stresses created at the Curie point, uncompe- 
nsated surface charges and physical imperfections. To 
make the ceramic piezoelectric, an electric field must be 
applied to switch the polar axes of the crystallites in 
the ceramic ferroelectric to those direction allowed by 
symmetry which are nearest to that of the electric field . 
The poling treatment partially de twins the ceramic by 
eliminating much of the domain structure. Subsequently 
the ceramic resembles a pyroelectric single crystal by 
way of having a net dipole moment and responding linearly 
to an applied electric field or mechanical pressure like 
a single crystal as long as the field or pressure is well 
below that needed to switch the polar ajcis. 

As the original crystallographic directions 
of the grains in the ceramic .were oriented at random, it 



is evident that the line-up of polar axes cannot be as 
perfect as in a single crystal of the material. A good 
indication of this dipole alignment is the measured value 
of polarisation. Baerwald ,[ 8] assuming a random initial 
orientation of the grains and domains, and as complete a 
dipole alignment as is allowed by the grain orientations, 
had calculated the fraction of the single crystal polari- 
zation that can be realised in pseudocubic ceramics of 
various types . The results are shown in Table 1.1. 

With a larger number of allowable polar directions, the 
maximum deviation of the polar axis of a grain from the 
average polar direction will bo smaller and the lowering 
of the polarisation will be minimised, assuming optimum 
alignment. The proportion of the single crystal distor- 
tion which is realised as strain in a fully oriented 
ceramic is also given in Table 1.1. 

1.5 Piezoelectric Constants: 

The piezoelectric constant ' d' which relates 
the dielectric displacement ' D' to the strain ’S' is probably 
the most fundamental for conveying the concept of piezo- 
electricity. Another constant which finds frequent usage 
in piezoelectric literature is *g' . It gives the field 
produced by a stress. The ’g ’cons tant is related to the 'd ' 
constant by the permittivity. 
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TABLE 1.1 


FRACTION OF SINGLE C.T 

FOR VARIOUS PHASES 0, 

STAL POL ''.:-lIS/'\TiCN AND DISTORT 

AFELICATICI Or POLING FIELDS. 

ION 

Crystal Symmetry 

Number of 

Fraction of 

Fraction of 

and 

equivalent 

single crystal 

single crys- 

polar axis 

directions 

polarisation 

tal distor- 



that can be 

tion that 



realised 

can be reali- 



ideally. 

sed ideally 

Tetragonal [001] 

6 

0.831 

0.368 

Orthorhombic [ 110] 

12 

0.912 

Not calculated 

Rhombohedral [ill] 

8 

0.866 

0.424 



g= 


d__ 

B’ 


0 * * * 


10 

( 1 . 6 ) 



«K'is the relative dielectric constant of the material. 


Additional piezoelectric constants which are only occasiona- 
lly used are ' e' which relates stress ' T' to field ' E', and 
'h' which relates strain 'S’ to field ' E'. 

y _ _ e £ ....(1.7) 

E = -hS. •••• (! * 8 ) 

Another constant which gives the measurement of the strength 
of a piezoelectric effect is the electromechanical coupling 
factor k. It is defined as 

k = electrical energy converted to mechanical energy 

input electrical energy 

= mechanical energy converted to electrical energy 

input mechanical energy (1.9) 

Jaffe et al [9] definedthe piezoelectric constants 
as partial derivatives evaluated at constant stress (subsc- 
ript T), constant field (subscript E), constant displacement 
(subscript D) or constant strain (subscript S) . These may 
be thought of as * free’, * shortcircuit 1 , ' opencircui t ' 


and ' clamped' respectively. The actual definitions are 
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.... (1.10a) 
.... (1.10b) 

. . . . ( 1.10c) 
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The effect of symmetry on the piezoelectric matrices relating 
strain and electric field were worked out by Voigt and fully 
discussed by Cady [l]. The initially isotropic piezoelectric 
ceramic on poling has its isotropy destroyed in the direction 
of the poling field. However the isotropy is maintained 
in the plane normal to the poling field direction. The 
symmetry of the poledcerarnic is therefore considered as 
«mrn (cylindrical polar symmetry). 

The equations of state relating the electric and 
elastic variables can be written in a general form as follows 

D = dT +6^E ( Direct piezoelectric effect) ... (1.11a) 

S = S -I + dE (Converse piezoelectric effect) .. (1.11b) 

The elastic, dielectric and piezoelectric properties are 
orientation dependent in all piezoelectric media. For the 
symmetry of ceramics («mm) , the general equation is replaced 
by a specific set of equations. 



. . . (1.12a) 



E l £ l + d 15 T 5 
G l £ 2 + D 15 T 4 Direct effect ... (1.12b) 

E 3 E 3 + d 31^ T l +T 2^ +d 33 T 3 ...(1.12c ) 


S ll"" T l + S 12*" T 2 t ' S 13~ T 3 +d 31 £ 3 

.... (1.13a) 

S 11 Et 2 + S 12 El l + S 13 El 3 +d 31 E 3 

. . . . (l . 13b) 

S 13 E < T l +T 2> + S 33 ET 3 +d 33 E 3 Converse 

effect 

(1.13c) 

S 44 ET 4 +d 15 £: 2 

...(1.13d) 

£ 44* :: ^5 +d 15' £ l 

. . . (1.13e) 

S 66 T 6 

. . . (l . 13f ) 


The subscript 3 refers to the poling axis and 1 and 
2 refer to arbitrarily cuosen orthogonal axes in the plane 
normal to 3. Subscripts 4, 5 and 6 refer to the shear 
stress and strain in planes normal to the 1,2 and 3 axes, 
respectively. Also by conventional notation* the first 
subscript of the f d * constant gives the electrical direction 
(field or electric displacement) while the second gives the 
component of mechanical deformation. 

Both static and dynamic methods of measurement are 
used to evaluate the various piezoelectric constants. A 
scheme for such measurements can be obtained from Appendix 1. 
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The details are provided in [5] and [10] . Only the resonance 
method has been included here to emphasise its superiority 
over other methods of measurement. 

Simple measurements of resonant and antiresonant 
frequencies are used to evaluate piezoelectric effects. 

Elastic bodies show numerous resonances, the most pronounced 
are those where the body can just accomodate one half wave- 
length of a standing elastic wave. The piezoelectric effect 
is a convenient way to excite such elastic waves , to permit 
observation of the interaction of the mechanical resonance 
with the electric behaviour. This is b;est seen in the 
equivalent circuit idealised for a single resonance (Fig .1.4). 
The values of L and are such that at the resonant frequency 
1 f^’ the impedances 2uf r L and -l/2Tcf r C^ are opposite in sign 
and equal in magnitude, and the total impedance of this 
branch is given only by the mechanical resistance' R* , which 
is compari tively quite small. This mechanical branch is 
however in parallel with the electric capac.i tance' C^. The 
frequency of minimum impedance or * resonance* , * f ' is that 
of a standing wave under ’zero field* conditions. For 
applied frequencies above* f ' the mechanical branch becomes 
inductive. When the series impedance of this branch becomes 
opposite and equal to the impedance of'C^, the impedance of 
the crystal reaches a maximum since opposite currents flow 
in the two branches. This condition of parallel resonance, 
however, means constant charge on the crystal. The frequency 
of maximum impedance or * antiresonance' *f *, is therefore 

cl 



that of 


standing wave under open-circuit conditions 


1.6 The Lead-Zirconate-Titanate System: 

Ceramics of piezoelectric Pb(Ti,Zr )03 solid 
solutions, have achieved wide usage in recent years because 
of their superior properties. The ferroelectric nature 
of these materials was established in Japan early in the 
1950's. Since then intensive work on this system has been 
carried out throughout the world. 

A current version of the Pb(Ti,Zr)0.2 phase 
diagram is shown in Fig 1.5. Substitution of Zr + ^ for 
Ti + ^ in PbTiO^ reduces, the tetragonal distortion (Fig. 1.6) 
and ultimately causes the appearance of another ferroelectric 
phase of rhombohedral R3m symmetry. The boundary between 
the tetragonal and rhombohedral forms is nearly independent 
of temperature (morphotropic) . Still more Zr + ^ cause the 
appearance of the orthorhombic an tif erroelectric PbZrO^ 
phase with a small field of stability of a tetragonal 
antiferroelectric phase near the Curie point. Its exact 
extent is rather impurity sensitive. 

The rhombohedral ferroelectric phase actually 
divides into two phases . Although both appear to be 
simple cell rhombohedral by X-ray diffraction, neutron 
diffraction studies indicate a multiple rhombohedral cell 
for the low temperature phase. 



lb 


Though early literature on the subject 

indicated the tetragonal — rhombohedral phase boundary 

wi th 

as narrow and vertically straight/ . a particular 
Zr/Ti ratio, later research has revealed that it is 
not so. Mabud [11] from X- ray diffraction photographs 
established that the JvlPB is not a narrow and vertically 
straight boundary but a region whose width depends on the 
firing time and temperature. He also suggested that where 
two phases coexist, there were islands of rhombohedral 
regions scattered in the tetragonal matrix and tetragonal 
regions scattered in the rhombohedral matrix though he 
could not infer from his study whether they were of the 
same composition or not. Hanh et al [12], a year earlier 
had also postulated that the A'PB is a two phase region of 
measurable width. Their conclusions were based on the 
splitting of the (200) reflections into three lines, two 
due to the tetragonal structure and the other due to the 
rhombohedral one. In their X-ray analysis they used a 
X-ray diffractometer and CuKa radiation. They were able 
to relate their postulate with results obtained from diele- 
ctric measurements. It was also established that the 
coexistence of the tetragonal and rhombohedral phases 
occur due to composition fluctuation in the Pb(Ti,Zr)0 3 
solid solution [13]. Kala [14] theorised that the relaxa- 
tion of internal streses which arise due to contraction or 



dilation of lattice parameters in Fb(Ti,Zr)Cu solid 
solution during temperature changes or application of 
an external electric or mechanical fields is a primary 
reason for the coexistence of phases, Ari-Gur et al [15], 
by means of X-ray diffraction determined directly the 
coexistence region near the MP change of PZT. Like Ll2] 

th .y also considered the splitting of the (200) reflection. 
They also found that the morphotropic phase change is a 
first order transition, a function of temperature and 
chemical potential and not the concentration as was often 
supposed previously. 

The sustained interest in the coexistence 
region of PZT ceramics is because of the excellent 
electromechanical properties of these materials near the 
MP3. The dielectric, elastic and piezoelectric proper- 
ties of some PZT compositions near the MPB has been 
included in Appendix 2 (10) . 

The solid state reactions occuring prior to and 
during the formation of Pb(Ti,Zr)0o solid solution was also 
investigated by a host of researchers. Matsuo et al [16] 
stated that the reaction begins by formation of a highly 
tetragonal lead titanate solid solution into which the 
remaining PbO and ZrOp react to form Pb(Ti, 2 r) 03 . 
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Reaction A : PbO+TiOg —$• PbTiO^ 

Reaction B : PbTi0 3 +Pb0+Zr0 2 Pb(Zr a Xi 1-a )0 3 
Reaction C : Pb(.Zr .Ti, )0 o +PbTi0 o Pb(Zr Ti, )0 o 

They provided a diagram (Fig. 1.7) relating the mole frac- 
tion of each phase in the system Pb0:Ti0 o — PbCiZrO^ as a 
function of the firing temperature. Significant deficiency 
of PbO due to PbO volatilisation cause the presence of 
free Zr0 o , as well as the Pb(Ti,Zr)0 o solid solution as 
is seen from the scheme of reaction. Incomplete reaction 
also results in the presence of a free Zr0 o or PbO second 
phase. 


Like Matsuo et al [16], Gesemann et al [17] 

and Harris [17] also did not observe formation of PbZrO^ 

as an intermediate phase. But C'hno et al [18] reported 

that PZT solid solution is synthesised after formation of 

both PT and PZ Mori et al [17] reported formation 

of PZ as an intermediate phase only when the Zr0 2 content 

of the mixture was greater than 60 mole y.. Similarly 

Yamaguchi et al [19] found that a ball-milled oxide 

mixture shows ' no presence of PZ as an intermediate 

phase , whereas' precipitation mixing results in . PZ 

formation. Thus it is sufficiently clear that the formation 

of the PZ phase is dependent on the particular raw 
being 

materials/used, being governed chiefly by the particle 
size and the reactivity of the raw material. Venkatramani ^ 
et al 1 [20] 's work substantiates this observation. They 
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reported that if ultrafine, high purity chemically prepared 
Zr0<2 is used in place of commercial Zr0 9 , PZ phase 

wilx be present along with PbliO^ • The, 

altered sequence of reaction is attributed to the enhanced 
reactivity of ZrOp due to its ul terfineness and hence large 
surface area. 


Chandratreya et al [17] also ascertained the 
reaction sequence for the formation of PZT solid solution. 
Reagent grade massicot PbO, TiGp (99. 9>'I pure) and reactor 
grade unstabilised ZrOp was used in the investigation. 
Samples of ternary mixtures with ZrOp/ Ti Op = 65/35 were 
subjected to XRD analysis after quenching from several 
temperatures. Specimens quenched from 580° and 665°C 
showed peaks for PbTi0 9 but no detectable peaks for 
PbZrO^or Pb(Ti,Zr)02. PZT solid solution formation 
initiated at about 715°C but by 785°C it was virtually 
complete. No peaks attributable to PbZr0 o alone were 

O 

observed indicating that no significant amount of PbZrOg 
was formed. Yet the formation of small amounts of PbZrO-, 

O 

was not ruled out, due to the difficulty in interpretation 
of X-ray patterns. Above the Curie temperatures, PbTi0 o and 

O 

PbZrO^ form a continuous solid solution of cubic structure. 
When cooled to room temperature, the solid solution can 
exist in one of three structures: tetragonal, rhombohedral 
or orthorhombic, depending on the Zr/Ti ratio . As a result 
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Xi ID patterns are complex, involving overlaps and shifts of 
peaks due to solid solution formation. The conclusion 
of this investigation was PbTi0 o forms first and on 

O 

increasing temperature ZrCp takes part in the reaction. 

The three reactants PbO,ZrO ? and PbTiC 0 then form a reac- 
tive system in which perovskite formation occur at two 
interfaces ZrC^/PbG and ZrO^/PhTiO^ • A coupled reactive 
exchange of Zr +4 and 2Pb +2 at Zro ? /PbTiC 3 and Ti +4 and 
2Pb at the PbTiO^/PbO interfaces followed by a counter 
diffusion oi - Zr +4 and Ti +4 within the perovskite lattice 
set up the formation of the stoichiometric PZT solid 
solution. 


Based cn their calcination reaction studies of the 
Pb0-Zr0 2 -Ti0 2 ternary system Hankey et al [21] provide the 
following reaction scheme. 

Pb0+Zr0 2 +Ti0 2 > PbTi0 3 +Pb0+Zr0 2 +Ti0 2 

> PbTi0 3 +Pb0(SS) > Pb(Ti,Zr)0 3 

The phase PbO(SS) is defined as a tetragonal solid solution of 
PbO,PbTiC> 3 and Zr0 2 . This v/ork substantiates the basic 
reactions as described by Speri[22]. The calcination 
reaction diagram for Pb(ZrQ^TiQ^)0 3 regions as functions 
of calcination conditions are shown in Fig. 1.8 [20]. 
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1.7 

The mechanical strength and hardness of piezo- 
electric ceramics is a factor that must be considered 
in the design of transducers and other piezoelectric 
devices. Many applications involve electrically or 
thermally induced stresses os well as possible mechani- 
cal loads due to vibration. Materials like lead zirconate 
titanate and barium titanato fail in a brittle manner from 
pre-existing flaws, typical pores and pore clusters, machining- 
induced cracks, and inclusions. The presence of those small 
( typically 20-100(jm) defects in ceramics leads to the 
magnification of applied stresses at these sites. 

The present understanding of the strength and hardness 
processes in piezoelectric ceramics is therefore dependent 
largely on developments in fractography . In the case of 
small cracks at the surface of these materials or in 
conjunction with pores,the science of linear elastic 
fracture .chenics is used to model facture. Linear elastic 
fracture mechanics, define a term known as the stress intensity 
factor,* ICj*. It is a measure of the stresses near the cracks 
and is the drining force for crack extension. In the absence 
of environmental effects, increasing the stress on the body 
to a critic -1 ! value 'S' ’will cause the flaw to grow rapidly 


to failure 



• • * • 


(1.14) 


^IC " 


YSC 


1/2 


Where Y is. a constant determined by flaw location and C is 
the depth of the crack. 

K is a material property thct depends on the 

JL wf 

chemistry, crystal structure and microstructure of the 
ceramic • 


Fracture toughness is generally determined by putting 
a crack or flaw of known size into the material and applying 
a load until the crack grows to failure. Among numerous 
techniques used to determine the double-cantilever and 

the indentation techniques are more important. 

Double-Cantilever Beam Technique (23) : 

A crock is initiated at the centre of the specimen, 
and the specimen is loaded in air in a test machine by the 
application of bending moments to arms bonded to the top 
of the specimen. The stress intensity factor is calculated 
from the applied load and the geometry of the specimen.’ 
is taken as the point '/'here there is a pecipitous drop in 
load. 

Indentation Technique: 


Indentation techniques are discussed in [24,25, 26], 


Two different procedures are used. In the first a flaw is 



introduced into the polished surface of a material using 
a conventional Vickers tester[ 27 ] . The cracks emanating 
from the hardness impression are measured. ' Kjq* is calcu- 
lated from the crack length and the indentation load [24], 

In the second method, a Vickers indenter is used to place 
a flaw in the surface of a bar or plate of material. This 
specimen is subsequently broken in flexure. 1 'is got from 
fracture strength a, the indentation load P, the hardness H 
and elastic modulus £ of the material [25]. 


K, 


0.59 


E 1/8 (a P* /3 ) 3 / 4 


H 


(1.15) 


Typical values of for barium titanate and lead 

zirconate titanate are summarised in [2<9]. The differences 
in between the various materials is due to intrinsic 
chemical oond differences as well as to differ' nces In 
micros true ture. 


Microstructure has an effect on the fracture energy (y) 
of f erroelec tries like BaTiOg* The maximum y takes place at 
the grain size at which the contribution to toughening due to 
twinning and microcracking is balanced by the linking of 
microcracks. The process follows a model developed by Rice 
et al [29] for the fracture energy of noncubic ceramics. The 
microstructural aspect of crack propagation in ceramics is 
discussed elaborately in (30,31,32,33). When measured in 
the cubic symmetry state the fracture energy is independent 
of grain size. The fracture toughness of materials such as 
PZT is dependent on whether testing is performed in the para- 
electric (cubic) state or the ferroelectric state. In the 




ferroelectric state, twin crack and / or crack microcrack 
interactions give rise to an increase in above that 

in the cubic material. 

In P2T, K ir is also dependent on the Zr/Ti ratio. 
The minimum in Kj r occur at phase transitions where the 
contributi on of microcracking to toughness is reduced. 

Cooling from the paraelectric to the ferroelectric 
phase introduces internal stress in the ceramics. Internal 
stresses are also induced by the application of dc field or 
aging changes, Okazaki [34] has indicated a procedure for 
calculating such stresses. These stresses when present 
increase the strength of BaTiO^ like ceramics [35]. 

The subject of subcritical crack propagation and 
time dependent deformation in unpoled PZT was investigated by 
Koepke et al [36]. Their study was based on double torsion 
and stress relaxation techniques. Slow crack growth in 
PZT is sensitive to both chemical and electrical testing 
environments. Moisture and high ac or dc fields applied 
perpendicular to the crack plane enhance crack propagation 
is unpoled PZT. The stress relaxation data can be treated in 
terms of an analysis of thermally activated deformation. 


Even though ceramics are brittle materials, prior 
they 

to fracture , /undergo a certain amount of plastic deformation. 
The Vickers hardness (H ) gives a measure of the plastic 
deformation or slip undergone by these ceramics [37]. Plastic 
deformation involves pulverisation and slip and rotation of 


the fragments 
Plastic deform 


as they continue 

tion which i « 



adhere to 

?*\ T r <4 i* * 1 


each other. 


AH 
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is dependent orimaxily on the micros true turo which is 
usually controlled c ’ring orocessing. Porosity, grain size 
and the amount and di s tripution of phases affect Vickers 
hardness values. These variables depend largely on the 
calcination and sentering conditions during fabrication . 
i/.obnar et al [38] have also shown that strength anisotropy 
exists in cold pressed and sintered rings related to pore 
anisotropy. 
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Fig. 1. 1 Interrelationships of piezoelectrics and 

subgroups on the basis of internal crystal 

symmetry. 
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The perovslcite structure as typified by BaTiO, 
above its Curie point. 
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CHAPTER 2 


EFFECT OF PROCESSING PARAMETERS ON THE MICROSTRUCTURE 
COMPOSITION FLUCTUATIONS OF Pb(Ti,Zr)0 3 COMPOSITIONS 


AND 


Liko any other electronic ceramic material' 
lead-zirconate-ti tanate is also highly composition and 
microstructure sensitive in terms of its mechanical , elastic, 
dielectric and piezoelectric properties. The control of 
composition fluctuation and microstructure is achieved 
through selection of better grade starting materials and/ 
or through processing. A detailed survey about how the 
processing parameters influence the microstructure and 
inhomogeneity is therefore of much importance. 

A flowsheet of the fabrication of Pb(Ti,Zr)0 3 
compositions by the mixed oxide process is shown in Fig. 2.1 
[30], Chemical processes which are used to manufacture 
Pb(Ti,Zr)0 3 for high quality performance are similar after 
the drying stage, the difference being initially in the 
production and mixing methods of the constituents. A variety 
of chemical methods have been investigated. The coprecipitation 
method provides a powder of very fine particle size and high 
reactivity. PZT compacts made with such powders have high 
sinterabili ty and a very uniform microstructure with practi- 
cally negligible porosity. However the method is not 
recommended for fabrication of doped Pb(Ti,Zr)0 3 compositions 



because of the difficulty of simultaneous precipitation of 
various cations. McNamara [40] demonstrated a way to 
obtain a precipitate of Pb + ^, Zr + ^ and Ti + ^ using NHg and CO 2 
gases bubbling into the reactor. 

A thermal spray decomposition method [41] and 
a freezedrying method [42] were also tried in obtaining 
a solid phase from a solution. Though the difficulty did 
not increase with the number of kind of cations, no data 
regarding the composition fluctuation of compacts made by 
this process are available. 

Noticing that the composition fluctuation 
arose at the site of Zr + ^ and Ti + ^ in the PZT system 1.43] 
and that the stoichiometry could be easily attained between 
an A-site ion and a B-sLte ion in the perovskite type compound 
of ABOg, Kakegawa et al obtained Pb(Ti,Zr)Og having no compo- 
sition fluctuation by solid-solid reaction of oxides con taining 

-1-4 jlA r 

Zr and Ti prepared by the wet method with PbO powder [.13] . 

A mixed oxide of titanium and zirconium formed, by spray decom- 
position, mixed with equimolar PbO and heated to elevated 
temperatures was also tried [44], Fluctuations in this case 
were about 3 at'/. 

Though some reference was made to PZT prepared 
by wet methods above, it may be useful to revert to the 
discussion on tne processing parameters of the MO process 
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as it is currently still the most popular among the fabrica- 
tion methods and is being employed by the author in his 
investigations. The quality of the starting constituents 
determine the rnicrostructure and inhoraogeneity of PbCTiyZr)©^ 
compositions significantly. Use of a high purity, highly 
reactive, chemically prepared submicron sized ZrO^ leads to 
a calcination reaction sequence different from that when 
commercial ZrO^ is used. If the ZrO^ is not very reactive 

_i_4 

the diffusion of Zr ions in the PbTiC^ structure get 
hindered leading to the formation of second phase free ZrO^ 
and a high composition fluctuation in the PZT. The crystal 
structure of Ti0 o however has no significant effect on the 
mentioned variables. 

The mixing process is normally achieved in ball, 
vibratory, drum or blunging mills with zirconia or alumina balls 
[12,14,45,46,47,40,49] or cylinders. Distilled or deionised 
water or organics like isopropanol, ethanol or acetone/stearic 
acid mixtures are used to make up the slurry. A higher milling 
time promotes a lower composition fluctuation and a more uni- 
form rnicrostructure in the ceramic . Use of organic media 
during the wet homogeniation process provides the advantage 
of cutting down on drying time thereafter and hence reducing 
PbO segregation. Where distilled or deionised water is used, 
normally another dry mixing step follows drying • 
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The importance of the calcination reaction is 
emphasised in [47]. Buckner et al demonstrated that the 
sintered density of Pb(Ti,Zr)G 2 compositions is controlled 
largely by the calcination temperature. If the calcination 
temperature is high enough the calcination time is of realtive 
unimportance. As the PZT formation process ends during 
calcination it is easy to understand that a higher calcination 
temperature and time leads to more homogenisation. 

Hankey et al [50] showed that the rate constant 
at packing pressures > 100 MPa for solid-state reactions during 
PbTiO^ formation in the Pb0-Zr0 o -Ti0 9 system increased by a 
factor of three on increasing packing pressure. They determi- 
ned that the formation of PbTi0 o followed the Jander model 

O 

for diffusion controlled reactions with unidirectional bulk 

- 4-9 —9 

diffusion of Pb and 0 ions. The packing geometry which 
is dependent on the packing pressure can therefore be utilised 
to alter calcination kinetics and subsequent sintering mechanisms 
to obtain better microstructures in fired Pb(Ti,Zr)0 3 . 

The binder addition and removal steps are 
important for the microstructure of the fired PZT. An excess 
quantity of binder or a non uniform distribution of it result 
in large pores. The effects of nonuniform distribution of 
binder is seen in Figs 2.2 and 2.3 [28]. Lamination effects 
during cold pressing also contribute to pore anisotropy [3? ]. 
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The sintering process has been the most explored 
among all the stages of PZT fabrication. Various investi- 
gators have researched on the effect of sintering temperature 
and time, packing atmosphere and the amount of PbO excess on 
the density, microstructure and inhomogeneity of Pb(Ti,Zr)C >2 
piezoelectrics and have found interesting results. 

The work of Lucuta et al [46] shows the variation 
of density and porosity with sintering temperature (Fig. 2.4) 
for both modified and unmodified lead-zirconate-ti tana te 
compositions. Increase in the sintering temperature led to 
a decrease in porosity due to a decree, se in the number and 
size of the pores but after the porosity reached a minimum 
the increase was attributed to enlargement of the pore diameters. 
In the investigation PbZrO^ pellets with 3;Z ecess PbO was 
used, in the packing arrangement. At that temperature at which 
the PbO vapour pressure equaled the equilibrium values for the 
following- evaporation-recondensation equilibrium, 

PbO PbO (vap) PbO (vap) + b O^ 

the porosity was the minimum. Processing variables like to 
rate of haating, time of thermal treatment, atmosphere and 
additives influenced the equilibrium. The increase of porosity 
at temperatures higher than the optimum was caused by a grater 
rate of evaporation of PbO than its recondensation. The grain 
size increased exponentially with increasing sintering temper- 
ature for both doped and undoped samples. 
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The width of the coexistence phase region 
decreases with sintering temperature [45,46] and sintering 
time [13], Vasilau et al explained it on the basis of 
raicroregion composition fluctuations, resulting from the 
particular sintering technology used in preparing the 
samples; which cannot provide a truly atomic homogc-nei ty 
in the solio solution. Very small regions rich in either 
lead titanete (tetragonal phase) or lo'w airconate (rhorn- 
bohedral ph >se) are formed as a function of microscopic 
concentration and temperature gradients. Vith increasing 
sintering temperature diffusion effects within these regions 
are enhanced leading to a higher and lower Zr/Ti ratio, in 
each microregion respectively, compared with the ratio at 
lower temperatures . The totragonality of the unit cell in the 
tetragonal microzone therefore decreases as was observed 
experimentally, similar to that found by v; ruing the macro- 
scopic Zr/Ti ratio [51]. On the other h-nd the lowering of 
the local Zr/Ti ratio has a negligible influence on the 
rhombohedral unit cell. Also no effect is found by varyinj 
the composition in the I.'PB coexistence region [12,15]. 

The role of packing powder in determining the 

stoichiometry and microstructure of Pb(Ti,Zr)C 3 is very 

significant. Chiang et al [49] found that Pb. (Zr n 

i-y G# d2 

Tio. 4 s)^ 3 _y disks with 3 vjt/. excess PbO, sintered at 
1200°C for 8 hours in PZ and PZ+Z packing 
powders had the same fired densities 
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although the grain size was smaller for the latter set, A 
specimen sintered in finer PZ+Z packing powder had a slightly 
higher density and an intermediate grain size. They discussed 
the volatility of PbO from the speciman in terms of the PbO 
activity (a- p^q) which is the ratio of the PbO partial 
pressure above the PZT compound to that above pure PbO at 
a given temperature. Fig. 2.5 shows plots of ap b Q vs l/T 
for equilibrium combinations of some compound . In a close 
system the ap b Q tends to equilibrate between the specimen 

and the packing powder. If a PZ packing powder is used, its 
a PbO depend on the degree of its saturation with PbO. 

If s pbO ° r the PZ packin ' P°wdcr > Sp b0 of p bi_ y (ZT q. b Ti o # p ) °3 

when saturated with PbO, then some of the PbO will leave the 
specimen and be absorbed by the packing till it becomes satu- 
rated. On the other hand, if PZ+Z packing powder is used the 
system attempts to equilibrate to an ap b( ~, of ^0.08 provided 
the powder has a sufficient amount of ZrGp to absorb and 
react with all of the PbO volatilised from the specimens 
(PZT will have y>0). PZ+Z powder has a fixed ap b o over a 
range of PbO contents. Thus is is useful' as a packing 
material during sintering of PZT. The PZT can equilibrate 
to a fixed PbO content irrespective of its initial 
PbO/ (Zr, Ti )0 9 ratio [52j. Kingion et al also demonstrated 
that ap b Q for PZT compositions containing a PbO excess is 
a function of the PbO excess contradicting the postulates 
of Atkin et al[53f and Holman et al L 54 ] who assumed that 
the pseudobinary system PbZrOg-PbTiO^ behaves in the same 



40 


way as the binary systems PbO-ZrCu and Pb 0 -Ti 02 * The 
need to isolate PZT compacts from PZ-fZ atmosphere powder 
to prevent solid state diffusion of Ti ions from the former 
to the latter was also pointed out, contradicting the general 
belief that no significant transfer of Zr or Ti ion 
occurs because PbO transfer occurs in the vapour phase. 

Chiang et al [49J determined the effect of PbO 
excess in sintered PZT compacts, and found that with an incre- 
ase of excess PbO the density and grain size increased. The 
increase indicates the existence of a liquid-phase sintering 
mechanism which persists for longer times with an increase 
of excess PbO. The densif ication kinetics are discussed in 
[ 55 ]. 


Among the other factors that influence' the 
microstructure, the geometry of the sintered compact has 
prime importance. Sintered rod shaped specimenshave differ- 
ent characteristics compared to disc shaped ones L49]. The 
cross section of thin discs sliced from ' Pb(Ti 0 4 g,Zr Q 52)^3 

sintered rods which were isostatically pressed initially were 
not uniform. During pressing the regions adjacent to the 
surfaces acquired a higher unfired density which during 
sintering densif ied first providing a rigid cage and affecting 
the density of the inner region. The PbO content in the outer 
region was therefore greater than that in the inner part. 



X-ray napping and electron microprobe analysis showed that 
Zr 0 2 segregation occured in the inner region of the compact 
"'here composition fluctuation was higher. Yet X-ray diffra- 
ction analysis showed that such compositions had only a 
tetragonal phase while Pb(IiQ ^Zr^ 5)^3 compositions which 
were calcined in the powder form and then sintered at the 
same ter.perature had ' a coexistence of both phases inspite 
of the former being closer to the iViPB. The dependence of the 
composition fluctuation on the PbG-Zr0 2 -Ti0 9 mixture geometry 
during the calcination reaction can never be more adequ- 
ately emphasised. 
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CHAPTER 3 


DETER' iIMATION OF INH0M03ENEITY IN LEAD-Z 
CERA. E.1.C3 ny X-RAY DIFFRACTION 


AU 


,n at: 


TI TAN AT £ 


3.1 Introduction: 


The diffraction line profile analysis has long 
ocen used by metallurgists to get informotion about mean 
crystallite size and lattice strains in polycrystalline 
motori Is. Its employment in ceramic systems began rather 
late and still then was mostly limited to calculating crysta- 
llite size. Kakegawa et al [43] first reported that this 
onco purely metallurgical tool could be used to calculate 
composition fluctuations in the load-zirconate-ti tanate 
system. The principle of this analysis as applied to the 
evaluation of inhomogenei ty is discussed in this chapter. 

For a polycrystalline lead-zirconate - ti tanate 

c 

specimen consisting of sufficiently large (>lQ"cm) and 
strain free crystallites, diffraction theory predicts that 
the linos of the powder pattern will be exceedingly sharp 
( breadths measured in seconds of arc). In actual experi- 
ments lines of such sharpness are never observed because of 
the combined effects of the following. 

i) spectral width of the incident beam. 

ii) instrumental factors. 

iii ) composition fluctuations in the specimen. 
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The pure diffraction line profile f(E) 
thoroforo broadens to give an experimental profile h (E) 
which is plotted by the diffractometer. 

Pb(Zr,Ti-, )C^ has a perovski te structure and 
tetragonal symmetry in the composition range 0<x <0.535. 

Fig. 3.1 [43] shows a relation betv/een lattice constant and 
composition in this range. The lattice constant ’ a^’ incre- 
ases with the composition 'x*. however does not depend 

on ’ x*. Therefore for a sample having a compositional 
inhomogeneity, * aj’ will fluctuate but ’Cj’ will not. As 
the spacing for hkO planes are fixed only by ’x' in 
Pb (Zr x Ti|_ x )02» compositional fluctuations will cause a 

dilution or contraction in the lattice parameter A a j. The 
A a r 

strain can be estimated from the slope of the rela- 

a T 

tion betv/een p cos 8 and Sin 8 for hKO diffractions as 
the slope equals Aaj/aJ43]. £5 is the broadening due to 
the compositional fluctuation only. from Fig. 3.1 and the 
value of A a T the composition fluctuation Ax is easily 

calculated. 


A precise determination of p is therefore 
necessary to evaluate the composition fluctuation in the 
sample. Effectively this means that the pure diffraction 
profile f(E) must bo extracted from the experimental 
profile h(E) • This operation is feasible because of the 
convolution relationship among h(E), g(E) and f(E) where 
g(E) is the profile due to the instrumental factor. 
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-f co 

h(e) = / g(ri)f (e-'n)d'n (3.1) 

•"•CO 

v;:i thin certain mathematical limitations imposed principally by 
a) the presence of random experimental errors (’noise 1 ) in 
the curves h(E) and g(E) and b) the practical necessity of 
evaluating the integral of eqn.(O.l) over a finite rather 
than infinite angular range this equation can be deconvo- 
luted more or less rigorously. The two methods most comm- 
only applied to X-ray data are Fourier transformation (method 
of Stokes) and the iterative method of successive foldings 
of h(C) with g (£) ; both methods are discussed in [56]. In 
the present work only relative numerical results are useful 
and those sophisticated procedured have been circumvented 
because of the extensive and tedious computations involved. 

The deconvolution can be dons by analytical procedures, 
substituting simple equations or graphs based on line 
profiles of assumed analytical form also. 

3.2 Measure of line width: 

The line width has been defined in literature in 
three different ways 

i) the half moximum width 

2 

ii) the integral breadth 
and iii) the variance . 
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Of these the most convenient to use, although 
the least amenable to mathematical analysis is ^ 2 / 2 * Thus 
Vt f l /2 is most generally employed for routine measurements 
when relative values suffice. The integral breadth. 


W- 


J I (2te) d (2©) 


(3.2) 


P 


is the width of a rectangle having the same area and peak 
height as the actual line profile. I is the maximum peak 
height of the orofile. The variance, 


w = / (26 -<2Q>) 2 l(2G)d(2Q) 

29 /I (26) d (20) 


(3.3) 


has important mathematical advantages, but its evaluation 
involves lengthy calculations and depends sensitively on the 
choice of background level with an attendant truncation 
operation. Where the profile has a long tail it is more 
reliable to use \\/ 2 as it is the least sensitive to the 
choice of background level. Each of the measures of lxne 
width is shown in Fig. 3,2. 


3.3 Shape of the X-ray line Profile: 


In simplified analytical deconvolution treat- 
ments it is necessary to make specific assumptions concerning 
the shapes of the line profiles h,g and f with the consequence 
that the derived pjy 2 


or p^ values have restricted absolute 



si on .1 f-iconce . In the following r'iscussion the breadths of 
h,g and f line profiles are for the sake of simplicity of 
notation designated B,b and j3 respectively with subscripts 
1/2 or i as required. 

Gaussian or Cauchy Profiles: 

The two most commonly assumed line shapes are 

the Gaussian 

1(e) = I (E) exp (-K 2 e 2 ) (3.4) 

and the Cauchy 

Ke) = i p (e)/(i+K 2 e 2 ) (3.5) 

profiles. If h,g and f are all Gaussian, on application of 
the convolution integral; from eqn. (3.1)and ec;n.(3.4), 

poo 

B -=b +P .... (3.6) 

for all Cauchy profiles 

B = b+p (3.7) 

These solutions are given in [56]. The relationships hold 
for both half maximum and integral breadths. 

Actual line profiles are never pure Gaussian 
or pure Cauchy. The Gaussian shape has some justification 
in its usage for Debye-tScherrer setups as eqn. (3.4) consti- 
tutes a more realistic approximation of the instrumental 

Cc^TR*? ' ,r? RARY 

i . - . >ir 

re. Nl>. • • 1 J»Q-&-S<Sy 
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profile than does eqn. (3.5) particularly for low-absorbing 
specimens and/ or back reflection angles. However, the 
geometrical features of diffraction in a high-resolution 
paiafocussing diffractometer cause the g profile to 
depart widly from the Gaussian and become highly unsymmetri- 
cal . Assuming a Cauchy function in this case becomes more 
reasonable. For the present case the diffraction curves are 
assumed as intermediate between Gaussian and Cauchy. 

After defining the half width and the assump- 
tions usually made regarding the shape of the line profile, 
wo rovert to the discussion of how to obtain the corrected 
line broadening (3.4). 

3.4 Correction due to Spectral Wdidth of the Incident Beam: 

The angular separation’ d* between Ka^ and Kap 
is small at low Bragg angles but becomes progressively more 
important as 0 increases (Fig. 3.3, Ref. 56). At sufficiently 
large angles it is often possible to circumvent this problem 
by measuring th« separate profile of either the or a ? line 
but this recourse fails if the pure diffraction broadening is 
too great. Rachinger's method [57] of correction provides 
good reliability without excessive computational labour. 
Corrections of slightly less accuracy but still sufficiently 
good is more conveniently applied by reference to correction 
curves based on profiles of certain standard shapes, for e.g., 
those of Fig. (3.4). The curves in Fig. (3.4) are as follows. 
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Jones’ curve for the integral breadths of back 
reflection Debye- Schemer f and g pic files of a 
particular arbitrary shape [58]. Here Jones 
postulated that the Kocj and Ko^ profiles are usually 
similar figures having an intensity ratio of 2 : 1 . 

He then showed that the sum of the two profiles 
divided by the height of the composite maximum is 
the observed integral breadth. A is the correction 
curve obtained in this way . 

Correction curve for f(G) and g(G) , both Gaussian. 

Correction curve for f(E) and g(E), both Cauchy. 

Correction curve for f.(G) and g(E), both intermediate 
between the Cauchy and Gaussian shapes. 

Unlike curve A, curves C,D and E refer to breadths 
at half-maximum intensity Of 'these curves A and E 

have greater general applications. In the present analysis 
the half-maximum intensity has been used considering the 

tails of the profiles. As E is particularly suitable in 
diffractometry, the author has used this curve in his 
line profile analysis. 

3.5 The Powder Diffractometer : 

The broadening due to the instrument is due to 
the combined effect of several weight functions. For a 
better understanding of these functions it will be useful 
to take a closer look at the diffraction equipment used i.e. 
the powder diffractometer. 
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Nearly all modern day diffractometers have the 
pornfocussing arrangement i.e. the receiver G pivots 
about tho sample S (Fig. 3.5), thus maintaining a constant 
snmplc-to-receiver distance SG. In order to accomplish this 
end, tho sample surface is made flat rather than curved, 
and it is caused to rotate with one-half the angular velo- 
city with v'hich tho receiver revolves, so that the sample 
surface remains tangent to the focussing circle at all 
points. As G pivots about S toward larger angles, 2©, the 


radius > r the focussing circle decreases. Thus as shown in 


Fir;.,?.JSi tho focussing circle has the respective radii r-^r^. 


and r- ■ or reflections 
2© 0 . For 2© =0°, r 

O 

3F 

minimum value of = 


at the deviation angles 26^,2©^ and 
whereas at 2© = 180°, r reaches a 



The plane of Fig. 3.5 is called the equatorial or 
focussing plane, and the perpendicular direction which is 
parallel to the goniometer axis is -the axial direction. The 
focus at G is not perfect for several reasons. In particular, 
parafocussing errors result from the use of a flat rather than 
curved sample, from sample 1 transparency* (low absorption 
coefficient), and from the axial direction properties of the 
system ( finite dimensions of the sample, source, slits etc 
in the axial direction). Each of these error introducers are 
dealt with in a later section. However by limiting the 



56 


accuracy because this technique makes possible a statistical 
evaluation of the precision of the results. However as this 
recording mode facility was not available to the author he 
has made use o; the continuous mode of measurement with 
vary slow scanning speeds in his experiments which too 
provide a means of obtaining diffraction results of nearly 
comparable accuracy. 

3.6 The Instrumental Weight Functions: 

In the previous section it was mentioned that 
an instrumental factor introduces its own line profile g(G) 
•which broadens the pure diffraction line profile f(S) to 
the experimental profile h(G). The contributions that form 
g(G) by convolution synthesis are discussed below. 

g(e) = sTa7%n g iv9\a V T9vii •••• (3 - 8) 

Those factors which decrease the resolution (increase breadth 
of line profile) are not dependent on the scanning technique 
employed. Eqn. (3.8) may be evaluated by performing the five 
constituent folds in any order. 

A. X-ray Source, g-j^ : 

This is the most important among the instrumental 
weight functions at lower resolution geometries. As the 
resolution increases this factor starts to got dominated by 
other instrumental weight functions. The projected focal spot 



profile in this case may be approximated by a Gaussian 
intensity function, 
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g-i = exp (-K 2 E 2 ) 
x 1 

B. Flat Specimen Sufface, 9 jj ! 


(3.9) 


This function arises from the varying displa- 
cements of different portions of the flat specimen surface 
from the focussing circle to which it is tangent. The 
nrofile assumes the form 


9H 



(3.10) 


Qll has the effect of displacing the line profile in the -G 
direction, i.e. to a smaller 2 Q value. The flat specimen 
effect is minor except at small Bragg angle or when the 
horizontal beam divergence y is large. 


C. Axial Divergence, 9 jjjJ 

Though the profile of this function is in 
principle determinate, in actual practice the complexity 
of the calculations is so great that the profiles have been 
calculated only for simplified situations. Fig. 3.4 shows 
representative axial divergence profiles corresponding to 
2© = 24° and a specimen linear absorption coefficient 
p^34$l “ 1 . For diffractometers without Soller slits 
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g m = 1 2G cot e\ " i//2 ( 3 . 11 ) 

Although the form of Qjtj is different for diffractometers 
with and without Soller slits, in either situation the 
rn.inni tude of the line distortion is greatest at very small 
values of 29 and shrinks with increasing 29 until it is 
near zero in the general range 90° <29<120°, and increases 
again at still larger angles. Below 90° the displacement 
of the line profile is in the -6 direction, whereas in the 
bock reflection region it is in the +0 direction. 

D. Specimen Transparency, 9jyi 

This weight function arises fro!h the penetration 
of the specimen having finite absorption coefficient \x by 
the beam. ’/-/hen the specimen is sufficiently long to inter- 
cept the entire direct beam at the particular incident angle 
concerned, and when the thickness t of the specimen satisfies 
the condition 

t > ~~ JL sin © (3.12) 

H' t 

(p and p l are, respectively, the densities of the solid 
material composing the powder and that of the powder inclu- 
ding interstices); a diffraction beam of maximum intensity 
is generated. 

g = exp (K tv E) 

IV IV 


# * • • 


(3.13) 



whore K 


IV 


4pR 


114.6 


Sin 2 Q 


for B expressed in degrees of arc, 
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. . * • (3.14) 


R = cample to source distance = sample to receiver distance. 

In onn. 3.13 G varies between the limits G and - =». 

The influence of the specimen transparency function is 
greatest for thick specimens with small absorption coeffi- 
cients l or X-rnys. 


3. Receiving Slit, g^: 

As shown in Fig. 3.7, this function is evidently 

a rectangle in profile with a width w equal to the angle 

s 

subtended by the receiving slit at the center of the 

goniometer arc. For any given angular position G, it 

w. w 

covers the range from G - ( ■~|) to G + ( 75 — ) . This 

function assumes a less important role in diffractometers 
with narrow sources and narrow slits though the resolution 
is not much affected by employing a slit width somewhat 
greater than the source width, for instance, as wide as 
0.05. 

F. Misalignment g VI : 

This function arises because of the probability 
of a certain residual degree of misalignment in any well 
adjusted diffractometer . The residual deficiency in 
focus arises from either the limiting mechanical imperfections 
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of the instrument or the extreme difficulty in synchro- 
nising the numerous variables of the alignment process. 

It was emprically found in most cases that 

g VI = l/(l+K^ x e 2 ) (3.15) 

where ^VI = '•’■yi » Wyj = angular width of misalignment 

pi'ofile at half-maximum 
intensity 


G. Spectral Dispersion, Sy T j 


This function arises because of the natural 
sp.ctral dispersion of the characteristic X-radiation 
employed. For a pure spectral line such as Ka^ or Ka 9 or 
for the unresolved ka doublet at low Bragg angles, this 
function may be assigned the Cauchy form, 


9yil — 1/ (-+ ) 


(3.16) 


as a first approximation. In eqn. 


MG) K, 


VII 




w vn 


being the angular width of the spectral profile at half- 
maximum intensity. The width is proportional to tan 9 and 
is therefore small at low Bragg angles. For CuKa radiation, 
Elcstein et al [.59] give Wyjj= 0.0424 tan Q . 


3.7 

The convolution calculations in X-ray diffracto- 
metry lead to two limiting curves for low and high Bragg 
angles (Fig. 3.8) [56., 60]. 
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1. At low angles, spectral breadth is 
insignificant. 

2. At high angles, spectral breadth is important. 

Details of the convolution synthesis of line 
proj iJ os under these conditions are given in [61]. At low 
or moderate Bragg angles, the instrumental profile g(u) is 
produced by the joint action of several factors of approx- 
imately equal weight. Since some of the factor" are asymme- 
tric, the resulting low-angle profile is also more or less 
asymmetric, this effect being greatest at the smaller 
angles where the asymmetric factors have the most 'weight. 

The convolutions of such profiles with pure diffraction, 
proriles f(E) of various breadths lead to the correction 
curve designated ’low angle reflections’ in rig. 3.8. These 
curves are valid to the extent that the f(E) profiles 
approximate the Cauchy form, though not fully and when 
there is a small difference between the curves for half- 
maximum and integral breadths. As both factors are suffi- 
ciently true for profiles f(E) in P2T samples and because 
the hKO peaks selected in these specimens are all between 
21°-70° (in the low angle region ), the low angle curve is 
used in the present calculations. 

At high Bragg angles broadening due to the 
various instrumental factors becomes small in relation to 
broadening resulting from the natural spectral distribution 
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in tho radiation. To a fair approximation a pure spectral 
lino such as Ka^ or Ka^ may l 3 ® assigned a Cauchy profile. 

This means that to a first approximation at large Bragg 
angles the observed profile is simply the convolution of 
two Cauchy profiles (1/ 1+K^S^ profiles), one due to the 
composition fluctuations in lead-zirconate- titanate as 
mentioned before and the other to the spectral distribution 
of tho incident radiation. Computation of a series of such 
convolutions yields the result labeled ’ back -reflections’ 
in Fig. 3.8. This correction applies to both widths at 
he If- maximum intensity and integral breadths. It is 
equivalent to 

£ + k = i 

which reduces to the simple additivity rule of equation 
3*7. Ho- "ever , for reasons mentioned before this curve 
does not find usage in the present analysis. 



INTENSITY INTENSITY - 



a in Pb(Z r,Ti»- t )0 j 


Relation between lattice constants and composition 
of Pb(2r x Ti 1 _ x )0 3 * 
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Ka doubfet Mpurton O 



Fig 


3.3 Angular separation of the Ka doublet as a 
function of 26 for three common radiations 





6 / 6 0 orB/B 0 
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Fig. 3.4 


Curves for correcting line breadths for Ka-doubl 
broadening. 
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Fig. 3.8 


Curves for correcting X-ray diffractometer 
line breadths due to instrumental broadening 
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THE PRESENT 7J0RIC 

Thouqh a lot of research has been done to ascer- 
tain the reaction sequence occuring during the calcination 
nrocoss; strangely, non of the investigations have viewed 
tYi e st^ii as contributing to the inhonogeneity in lead 

7 , 1 r c n n eta— i i tana to . 

Knowing the dependence of the mechanical and 
ni v/.nol' 'C f* ic properties on the Zr/Ti ratio and realising 
the .importance of the calcination process towards homoge- 
nisntin. , tlv> author felt the need for detarmining composition 
r Luc tn it.i oris of Pb(Zr Ti, v )0 o prepared under various calcina- 
t i on conditions. The inhomogeneity is measured by a simplifi 
+ ce.ituiorit of the line profile method in the present work . 
Tile measured composition fluctuation is then compared with 
variations in the values of the measurable piezoelectric 
constant'doo’ Tor samples of each specimen set using a 

GO 

statistical correlation analysis. A PZ+Z packing powder 
composition is used during the sintering process so that each 
s.u:/|,!o euuilibrotos to a PbC content. Composition variations 
in sr.mpl us prepared under different sintering condition are 

also measured. 



Investigations regarding the grain size and 
s h > * ‘,i and the presence of second phase particles are 
achiev'd through scanning electron microscopy. 



CHAPTER 5 


EXPERIMENTAL PROCEDURE 

5.1 SAMPLE PREPARATION 
5.1 A Row Materials : 

The raw materials used for the preparation 
of PET samples and the atmosphere powder were as follows 

Table 5.1 A 

Details of Chemicals used in Experiments 


Chemical 

Purity 

Manufacturer 

Lead Oxide (yellow) 

99.0* 

Fluka Gerantie 

(PbO) 


Switzerland 

Zirconia (ZrQ ? ) 



Average particle size 

99.5* 

Indian Rare Earth 

1 • 5 pm 


Ltd (IRE) Kerala 

Titania (Ti0 2 ) 

>99* 

Fluka Gerantie 



Switzerland 
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5.1 3. Preparation- of Packing Powder.,: 

A P2+Z powder was chosen as the atmosphere 
powder during calcination and sintering of the lead 
xirconate titanate samples. 


Table 5.1 B 



Chemical Composition of 

Packing 

Powder 


PbO 




Zr0 2 


Molar 

ratio 

Molecular 

weight 

Weight / 

Mol ar 
ratio 

Molecular 

weight 

Weight; 

C.27 

223.19 

40.12 

0.73 

123.22 

59.82 

A 350 gm 

batch was wet 

ball milled in a 

plastic jar 

with 


alumina balls as milling media for 5 hours. Isopropanol 
was used in preparing the slurry. The balls filled 45/ 
of the plastic jar in a random packing arrangement. The 
slurry and the milling media filled approximately 70/ 
of the mill. The mill was run at 55/ of its critical speed 
(85 rpm). 


i 

I 
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The critical speed =, — — rpm (155 rpm) ...(5.1) 

YD^d 

where (D -d) is in metres. 


The slurry obtained after ball milling was dried over a 
magnetic stirrer thoroughly at about 60°C. The dried, 
cake like mass was broken up and passed through a 20 mesh 
sieve. The sieved powder was calcined in recrystallised 
alumina crucibles at 860°C for 5 hours. The calcined powder 
was again sieved through a 60 mesh sieve. A fast XRD scan 
of this powder confirmed the presence of lead zirconate 
and zirconia phases only. The prepared powder was thus 
ready to be used as the atmosphere powder during the 
calcination and sintering of the PZT samples. It was 
stored in a plastic jar and kept inside a dessicator to 
prevent granulation. 

5. 1C Preparation of Lead Zirconate Titanate Samples: 

PZT samples of the composition given in Table 
5. 1C were prepared by the standard ceramic processing 
route. 


Chemical 

PbO 

Molar ~MoT. 
ratio wt. 


Table 5.1C 

Composition of Fabricated PZT specimens 

Z* D 2 Tl0 2 

Wti< Molar Mol. Wt *A Molar Mol. 

ratio wt. ratio wt. — 


" Wt*f 


1.00 223.21 68.73 0.50 123.22 18.97 0.50 79.90 12.30 
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750 gms of the sample powder, in three, batches were 
ball milled and dried in exactly the same way as described 
in 5. lb. each batch mixture was then passed through a 
20 mesh sieve. The sieved powder of each batch mixture 
was then mixed together. 

Nine sets of Pb(2rQ^Ti^ 5)03 samples were 

prepared. The calcination and sintering conditions of each 
sot is given in Table 5. ID. Each set consisted of 4 
pellets and 2 discs. The schedule in Table 5.1D was 
designed to study the effects of calcination and sintering 
times and temperatures. 

Table 5. ID 


Calcination and Sintering Conditions for the 
Specimen sets 


Sampl e 

Calcination 


Sintering 


Temper- 

ature 

(°C) 

Time (hr) 

Temperature 

(° c ) 

Time (hr) 

A 

760 

1.0 

1260 

1.0 

B 

860 

1.0 

1260 

1.0 

C 

960 

l.D 

1260 

1.0 

D 

860 

2.5 

1260 

1.0 

E 

860 

5.0 

1260 

1.0 

F 

860 

1.0 

1260 

4.0 

G 

860 

1.0 

1260 

7.0 

H 

860 

1.0 

1100 

1.0 

I 

860 

1.0 

1350 

1.0 
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The calcination assembly in shown in Fig. 5.1a calcined 
powders of each set which formed an agglomerated mass after 
calcination were crushed in polythene bags and ground in 
an agate mortar. They were then sieved through a 60 mesh 
sieve and then made into a slurry with isoproponal. A 
P7A binder solution (1.5>< by wt) was then added to the 
slurry . For each gram of PZT in the slurry, 0.005 gms of 
PVA was added. The slurry for each specimen set was 
magnetically stirred at 60°C till it was completely dry. 

The- resulting cake masses were broken up and crushed in 
agate mortars. The crushed powder was passed through 
a ILO mesh screen in each case. These powders were then 
stored in separate plastic jars and then kept inside a 
dessicotor. 

The -100 mesh powders in each samples were 
pressed at 8.5 tons for 1 minute in a die of diameter 
C.5 inch. Pellets of 2 cm thickness were formed. For 
Vickers hardness measurements, disc shaped samples were 
pros sod. The discs were 1 inch in diameter and 0.7 cm in 
thickness. Pressing in this case was done at a pressure 
of 0.5 tons . 

The prepared pellets were dried in an oven 
at 60° C for a day before loading them into the furnace 
for sintering. The entire sintering assembly is shown 
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in Fig. 5.1b* The diagram is self explanatory. The 
furnace was heated to the sintering temperature at about 
20C°C/ hour. However the temperature was kept constant 
at 120°C for 2 hours and 560°C for 4 hours to drive out 
adsorbed water and binder respectively before soaking the 
sample ot the sintering temperature. The cooling down 
to room temperature consisted of cooling in the furnace 
from the sintering temperature to 10GQ°C in about one 
hour, cooling to 500°C in about one and a half hours and 
then switching off the furnace for further cooling. 

5.2 X.’iD Analysis: 

The specimen for XRD analysis was made by grinding 
the sintered sample in an agate mortar to a fine powder 
and sieving. Powder of -60 mesh and +100 mesh were packed 
into a square perspex sample holder. The powder surace 
v'as omoothened by passing a glass slide back and forth 
over it. A REICH SEIFERT ISO DEBYEFLEY 2002 DIFFRACTOMETER 
was used in the analysis • CuK ffi ( A =1.5405^) radiation 
was used. 

The X-ray diffraction plots of the sample were 
taken in the 2© range of 20° to 70° with the following 


operating conditions 
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Table 5.2 

Operating Conditions of Diffractometer during X~ray 

diffraction 


Current, voltage 
Time constant 
Bonn, slit ’width 
Detector Slit width 
Scanning speed (2G) 
Chart speed 
Full scale intensity 


- 30 mA, 40KV 

- 10 seconds 

- 1.5 mm; 

- 0.3 mm. 

- 0.6°/minute 

- 15 mm/ minute 

- 10K counts/ minute 


5.2A Measurement of Lattice Parameters: 


From the peak position, phases of PZT were 
identified and lattice parameters were calculated as 
follows (62,63). 


Tetrogonal: 


sin 2 G 



hW 



+ 



.... (5.2) 


Rhombohedral : For this system, the interplanar spacing is 
given as 


(h 2, +k 2 +l 2 )sin 2 a +2(hk+kl+hl) (cos 2 a-cosa) 


a R 2 (1-3 cos 2 a + 2 cos 3 a) 


. . (5.3) 
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The lattice parameter determination using the above 
equation is tedious. Therefore, calculation was performed, 
indirectly from the lattice parameter values of the 
hexagonal system. 

If H,!' and L and h,k,l are Miller indices 
in the hexagonal and rhombohedral systems, respectively, 
then the so are related as 


H=h-k, K =k-l and L= h+k+1 . 


The lattice parameters a R and for the hexagonal system 
nr.; re.' r.ted by the equation, 


Gin' to 


*J- L 7 ( 


if+HK+K 2 

~T~ 


(5.4) 




This equation can be solved for a^ and by using data 
for any two rhombohedral peak position. From the values 
of a H and a R and angle a, the angular distortion 

is calculated as 


a R = | (3 a 2 + C 2 ) 1/2 

and Sin ^ = 2[3 + (C-/a H ) 2 ]^ i 

In equations (5.4), (5.5) and (5.6) , 


.... (5.5) 
.... (5.6) 


a wavelength of radiation employed 
@ = diffraction angle. 

h,|t,l = Miller indices of the corresponding reflectij 


planes 
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2G values was made using the method of least squares 
to obtain the resolution width of the instrument at any 
angle* 

The line breadths for the (100) y, (200) j and 

(220) y reflections for Pb (ZTq ^TIq ^)0g samples were 

then measured. (B q ) and the ratio calculated in each 

case. From curve E is Fig. 3.4 the °value of §- and 

B o 

hence 3 was then determined. From the b vs 2© plot of 

the Silicon standard, the value of 'b' for the particular 

diffraction angle was then found. Knowing the ratio 

the value of the corrected line breadth (p) was obtained 

f rom Fig. 3.9 from the low angle reflection curve. A 

P cos © vs sin © plot was fitted into a linear equation 

by the method of least squares. The slope of the line 

A a T 

gave the strain in the lattice due to compositional 

a T 

fluctuation • As ay is known (5.1) the value of Aay was 
calculated easily. From the value of A ay and Fig. 3.1 
the composition fluctuation Ax was calculated. An illus- 
tration of the composition fluctuation calculation is given 
in Appendix 4. 

5.3 Scanning Electron Microscopy: 

Samples for SEM characterisation were prepared 
by cutting discs; 1 mm in thickness, using a diamond rimmed 
circular blade. The discs were then polished in 3/0 emery 
paper and cleaned with acetone in an ultrasonic bath. The 
discs were then mounted on an aluminium stub using a silver 
paint. For each sample the exposed disc face which was 



to bo viewed was gold coated using a PS-2 coating unit 
( international Scientific Instrument). The coating 
conditions were as follows: 


Current - 

10 mA. 

Voltage - 

14 KV 

Pressure - 

10 ■*" Torr. 

Time 

1.5 minutes 


The sample microstructure were viewed through a JEOL 840A 
SOM. Sample micrographs in both secondary and back 
sea 1 1' Ted electron modes were taken. The mean diameter 
o! r If groins was determined by the line intercept 
method. X-ray mapping was used to determine the presence 
of o second phase, if any. 

5.4 Piezoelectric Measurements: 

A. d 00 measurement: 

OJ 

Disc shaped samples of 1 mm thickness were cut, 
polished and cleaned as mentioned in 5.3 Nailpolish was 
then put on the edges of the discs. The discs were then 
gold coated on both surfaces in the PS-2 coating unit 
under conditions identical to 5.3 except that the coating 
time for each face was 18 minutes. 

After the surfaces were gold coated, nailpolish 
from the disc edges was removed by rubbing with acetone. 
Using a multimeter the continuity of each surface and 
the discontinuity between the two surfaces was checked. 



The resistances measured between the multimeter probes 
v'oro 40 to 150-^- and 1 M respectively. A strong 
eJoct'ic field was then applied to the discs placed 
hi f-iitly between a brass cathode and an aluminium anode 
using n fixture schematically shown in Fie. 5.2. 


To avoid dielectric breakdown, the whole 
fixture was put in a beaker containing silicone oil. The 
bunker vms heated and a constant temperature of the liquid 
was maintained using a 2MLH MAGNETIC STIRRER ( RERI INSTRU- 
MENTS) . The poling field was along the thickness. The 
following poling conditions were adhered to, 


Applied field - 3.5 KV/ mm. 

Temperature - 110°C 

Time - 30 minutes. 

When the temperature reached about 1Q0°C, the 
cl oc trie field was switched on and after holding at a 
tempera tore of 110°C for 30 minutes, the sample was cooled 
by switching off the heater with the field on. When the 
temperature reached the room value, the field was switched 
off. To ensure rapid cooling to room temperature, the 
beaker containing the poling fixture was transferred to 
an ice bath with the field on. Cooling to room temperature 



took about 7-8 minutes 
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The discs were then taken out of the 
poUm; rjxture and silicone oil was removed by gently 
rubbing with cotton, care being taken not to remove 
the gold coating. The poled samples were then kept for 
P4 hours after which d^ measurements were made. A 
Channel Products, Belincourt d^g meter was used for dgg 
measurements, at 100 Hz. 

B. nonsuremont of Resonance and Antiresonance Frequencies: 

It was attempted to measure these frequencies 
usin'"! the dynamic method principle,? a 4194A impedance/gain 
?>h so analyser ( Hewlett-Packard) was employed. 

5.5 Vickers hardness Measurement: 

Discs of 1 * 1 diameter and 0.7 mm thickness were 
token and polished successively in 2/0, 3/0 and 4/0 grade 
emery paper and finallylapped on a polishing wheel using 
0.3 micrometer alumina powder. Care was taken to ensure 
that the opposite faces of the discs were exactly parallel, 
and the surface on which indentations were to be made had 
a high reflectance . Each polished disc had a thickness 


of 0.4 mm. 



Indentations were carried out on a Vicker’s 
tootinq machine having a load range of 1 to 30 kg and 
using' n load of 3.5 kg. The length of the diagonals 
o! o.ich indentation were measured by an image analyser 
used in conjunction with a Bausch and Lomb microscope 
f i to the hardness machine at a nangification of 

J OCX. The Victor's hardness number (Hy) was calculated 
using the formula (63) 


H. 


v 


1.8544P 

(2a)^ 


(5.7) 


wh'To ? is the load in kg and (2a) is the diagonal length 


in mm. 


r ’.6 density and Porosity Measurements: 


p<> ros 1 ty 
men cured 


The sintered density and the percentage open 
of the prepared Pb(Zr x Ti-^_ x ) 0^ samples were 
by the water displacement method. 


The moisture present in the samples was elimi- 
nated by heating in an oven at 150°C for half an hour. The 
initial dry weight ( ) of the sample v/as taken using a 
ACFlAET ER-120A ELECTRONIC BALANCE. 


The sample was then immersed in a boiling water 
bath for two hours in order to allow water to enter into 
the pores of the sample. The bath was then allowed 



lo cool and the weight of the sample suspended in water 
( ,; o ) was taken. The sample was then taken out and 
dabbed v.d th tissue paper and cotton. The weight of 
Ih , sample, saturated with water was finally taken. 

Th-, -T: n bored density and open porosity were calculated 
fro. 1 1 the I oil owing relation. 


W, 


SINTERED DENSITY 


• V|/ r 


OPEN POROSITY 


V 'i * / -I 

■44. xi°o- 

"3 v '2 


( 5 . 3 ) 

( 5 . 9 ) 
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Fig. 5.1(a) Schematic diagrdm of crucible arrange- 
ment during calcination. 



Alumina crucible 
AI2O3 powder packing 


Recrystallised alumina 

crucible 

Sample 

Alumina sheet 
Platinum disc 
Atmosphere powder 
Alumina pcwder 


Fig. pji(L) Schematic diagram of crucible arrange 
ment during sintering- 
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Table 6. IB 

ili) CO; POSITION FLUCTUATION OF Pb(Zr Q ^Ti Q 5 )0 3 SPECIMENS 
SINTERED AT VARIOUS TEMPERATURE. 

(bn ] c i nod at 860°C/ 1 hr and sintered for 1 hr.) 


f » 1 . 1 / * 

>jt MM* (J 

II 

S 

I 

S' n to L'i t it j Temper. > Lure 

11C0°C 

1260°C 

135Q°C 

Compos i hi on Fluctuation 

0.133 

0.0211 

0.106 

(Ax) 




Percent. .pc Composition 
FI uotu.it Ion 

26.6 

4.22 

21.2 

Table 6. IB 



i.v) CO ! ’POSITION FLUCTUATION OF Pb(Zr 0 5 Ti Q ^)0 3 
SPECIMENS SINTER. ID AT VARIOUS TIME I 


(Calcined at 

860° C/1 hr. 

sintered at 1260°C) 


Sample 

B 

F 

G 

Sintering Time 

1 hr. 

4 hr. 

7 hr. 

Composition Fluctuation 

0.0211 

0.066 

0.165 

(Ax) 




Percentage Composition 
Fluctuation 

4.22 

13.2 

33 


Table 6.2 
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t ; ? 


V: 


;10U 


;j .r. u- 

> GaLCI 


Pb'(Zr P P Ti 

W • sj 

MOTION AMD 


0 . 5 )0 3 SAMPLES PREPARED UHDER 
SINTERI NG COMD I TICKS . 


1) Grain i ii nine* tors of Bb (Zr 0#5 Ti 0#5 )0 3 Samples calcined 

,:t v . T“j ous temperatures. ( Calcination for 1 hr, sintering 

at l°\,C°C/l hr). 


G, .;':p 1 o 

Calcination 

Grain 



Temperature 

diameter 



(pm) 

A 


760°C 

2.81 

n 


860°C 

3.46 

c 


960°C 

3.58 

15) 

Grain size of 

PbvZr 0.5 Tl 0.5^°3 

samples calcined at 


various times 

(Calcination at 

860°C, Sintering at 


1260°C/ l hr) 

• 


Samp.li,- 


Calcination 

Grain 


time 

diameter 




(pm) 

B 


1 hr. 

3.46 

D 


2.5 hr. 

3.67 

E 


5 hr. 

3.77 
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! :i ) Grain size of Pb(ZrQ Samples sintered at 

various temperatures ( calcination at 860°C/ 1 hr, 
sin to ring for 1 hr). 


mo ! 

0 


Sintering 
tempera ture 

Grain diameter 
(pn) 

* 




L1CG°C 


3. 

36 

U 




1260°C 


3. 

46 

1 




1350°C 


3. 

82 

iv) 

1 it', 

i i n cl 7 . o 

of Pb 

^ Zr 0.5 Tl 0.5^°3 

s ampl e s s 

intered 


fit 

various 

times 

( Calcination 

at 860° C/ 

1 hr, 

sinteri 


at 

1260°C) 

• 





S.hupl 0 



Sintering 

time 


Grain 

diameter 

(pm) 


D 

F 


1 hr. 
4 hr. 


3.46 

3.88 


G 


7 hr 


6.22 
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Table 6.3 

i) oT.'l \l y CO T-'FICICNT 01- Pb(Zr 0>5 Ti 0 ^)0 3 SPECIMENS CALCINED 
"\T VCCUOC TErPhAATUhE. 


v 0 - ’ 1 c, 1 n i tion time 1 hr, sintering temperature 
lin boring time 1 hr). 


1 'Y>0° 


‘1 i pie 

C lei nation 
Temper ture 

Mean 

Standard de\ 
tion 

A 

760°C 

114. 7C Cl" 1 

7.91C1'" 1 

A 

860° C 

122.8 Clf 1 

4.61 Cw 

# * 

• 

960°C 

145.8 CM" 1 

3. 12 CM" 1 


Table 6.3 

i 5 ) CTIiAl IJ COEFFICIENT OF Pb(Zr 0> 5 Ti Q ^ 5 )0 3 SPECIMENS CALCINED 
AT V. ..11003 TIME. 

(Calcination temperature 860°C, sintering temperature 
0 

1060 C, sintering time 1 hr.) 


Sump] e Calcination ^33 



Time 

Mean 

Standard deviatic 

3 

1 hr. 

122.8 CN" 1 

4.61CN" 1 

D 

2- hr. 

143.9 CN- 1 

2.18 CM" 1 

E 

5 hr. 

144.0 CM" 1 

1.20 CM" 1 
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Table 6,3 

li i ) .JriiAIr: COEFFICIENT OF Pb(Zr Q . 5 Ti 0 & )0 3 SPECIMENS 
•31 M EA :D AT VARIOUS TEMPERATURES. 

(Cdl r in.'t i on temperature 860°C, sintering time 1 hr, 

c.ij c i n.it.i on time 1 hr. ) 


Ja ,ipJ e 

Sintering 
Tempera bure 

d 33 

Mean ' 

Standard deviation 

II 

1100°C 

H5.2 err 1 

4.67CN -1 

g 

1 o 60°C 

122.8 CN" 1 

4.61CN" 1 

I 

1350°C 

131.9 CN" 1 

1.02 or 1 


Table 6.3 

iv) STi-LJM COEFFICIENT OF Pb(Zr Q 5 Ti 0 5 )C 3 SPECIFIERS 

AT VARIOUS TIME. 

,, ( cl ,tci nation temperature 860°C; calcination time 
sintering temperature 1260°C) 

SINTERED i 

1. 

1 hr., f 

) 

l 

l 

l 

{ 

i 

Sampl e 

Sintering 

d 

33 

, ... ...... - • ' P 

i 

1 


Time 

Meaner'" Standard deviation! 

i 

B 

1 hr 

122.8 CN" 1 

! 

4 . 61 CN" 1 

F 

4 hr 

143.7 CN" 1 

4.65 CN" 1 

G 

7 hr 

177.3 CN" 1 

-1 

8.48 CN A | 
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Table 6.4 

i) DENSITY AID POROSITY OF Pb(Zr n ,Ti n _)C SPECIMENS 

U # D 0*5 3 

CALClfl ;U AT VARIOUS TEMPERATURES. 

( Cal cinnti on time 1 hr. sintering temperature 1260° C 
A 1 ‘ i g cirnc 1 hr. ) . 


Samp] e 

Calcination 

Temperature 

Density 

(gm/cc) 

Porosity 
(*) ‘ 

A 

760°C 

7.90 

1.86 

R 

860°C 

8.10 

1.45 

C 

960°C 

8.13 

1.38 


Table 6.4 

ii) DENSITY AMD POROSITY OF Pb(Zr 0 > 5 Ti 0 . 5 )0 3 SPECIMENS 
CALCINED AT VARIOUS TIMES. 

(Calcination temperature 860°C siatering i time 1 hr 
sinloring temperature 1260°C). 


Sample 

Calcination 

Time 

Density 

(gm/cc) 

Porosity 

(*) 

D 

1 hr. 

8.10 

1.45 

D 

2 I 5 hr 

8.11 

1.43 

E 

5 hr. 

8.12 

1.38 


1 Ux 


Table 6.4 


ill) DCUGJTY aNj POROSITY OF Pb(Zr 0>5 n o#5 )C 3 SPECIMENS 
OJ i JTE/ii U AT VARIOUS TEA1ERATURES. 

(Calcination temperature 86C°C , Calcination time 1 hr, 
sintering time 1 hr). 


Gampl o 

Sintering 

Temperature 

Density 

(gm/cc) 

Porosity 
(*) ' 

H 

1100°C 

8.10 

1.48 

13 

L260°C 

8.10 

1.45 

1 

1350°C 

8.03 

1.48 


Table 6.4 

iv) DHUCITY AND POROSITY OF Pb(Zr Q> 5 Ti 0> 5 )0 3 SPECIMENS 

sjnteu;l» at various times. 

( Calcin ;tion temperature S60°C, calcination time 1 hr. 
sintering temperature 1260°C). 


Cample 

Sintering 

I'.essity 

Porosity 


Time 

(gm/cc) 

(*) 

n 

iJ 

1 hr . 

8.10 

1.45 

F 

4 hr. 

8.11 

1.41 


G 


7 hr. 


7.91 


1.56 
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Table 6.5 


)v:i ckeas : 

•. iJU 

-OS DATA OF Pb(Zr 0#5 Ti 0#5 )0 3 SP 

-ECI MENS CALCINED 

AT 7..AIU. 

Li TO 

. iPEuATURES. 


( 0 * • 1 cm., t 

;.i. on 

time 1 hr. , sintering temperature 

1260°C, 

Si n Lot in . 

1 tiui 

e 1 hr.). 


Z .mul < ' 


Calcination 

Temperature 

H y (kg/mm 2 ) 

(mean Vickers 
hardness) 


5.7 

15.13 

114.29 


760°C 

860°C 

960°C 


Table 6.5 


i L ) 


VICKERS iLiiDNESS DATA OF Pb(Zr n -Ti n SPECIMENS CALCINED 

FOR VARIOUS TIMES. 


(Calcination temperature 860°C, sintering time 1 hr, 
sintorinq temperature 1260°C) 


Sample Calcination 

Temperature 


B 

1 hr 

15.13 

D 

2^ hr 

17.57 

E 

5 hr 

27.53 


H v (kg‘/£rri 2 ) 

(mean Vickers 
hardness) 
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Table 6.5 


1 1 ' 


VICKERS 


■tflDNI 


ST DATA OF Pb(Zr n _Ti, 


f* S * JT 


*0 5 0 5 

•iJ AT VARIOUS TEMPER ATUaE s. * 


)0 3 SP] 


■Cl KENS 


(o-Orin.ttion temperature 360°C, calcination tine 1 hr, 

min Soring time 1 hr). 



Sintering 

Temperature 

H v (kg/mr 2 ) 

(mean Vickers 
hardness) 

II 

1100°C 

7.40 

n 

1260°C 

15.13 

i 

1350°C 

45.05 


iv) 

Table 6.5 

VICKERS HARDNESS DATA Op Pb(Zr Q r 
SITTER D AT VARIOUS TIMES. 

( Ca.1 clnuta on temperature 860°C, 
r. intoning temperature 1260°C). 

Ti 0 >5 )°3 SPECIMENS 

calcination time 1 hr. 

Cl 

Ej 

JO 

o 


Sintering 

Ti i e 

H y (kg/mm 2 ) 

(mean Vickers 
hardness) 

B 


1 hr. 

15.13 

F 


4 hr. 

23.78 

G 


7 hr. 

31.03 
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Fig. 6.3 Scanning electron micrographs of PIT sample 

calcined at 760°C/l hr. and sintered at 
1260°C/ 



Fig. 6.4 


Scanning 

calcined 


electron micrograph 

at 860° C/1 hr. and 


1260°C/lhr. 


of P --T sa mol 
sintorud at 


e 


Fig. 6.5 




Scanning electron micrograph of PZT sample 
calcined at 860°/lhr and s entered for 1 hr. 
Sintering temperature a] 1100 C b)1260 C 


c) 1360°. 





Scanning electron micrographs 

,„s calcined at 860°C/ 1 hr and 
samples «lcm- , b) 4 hr 


n v , 

sintered at I860 C for a) 1 


Fig. 6.6 





Fig. 6.7 


Scanning c 
calcined 

1260 ° C for 


loctron nicregraph of PrT sables 
at 860°C/1 hr and sinterod at 
a ) 1 hr b) 7 hr. 
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Coicined at various temperatures 
for 1 hr and sintered at 1260°C/1 

Calcined at 860°C/1hr and sintered 
for 1 hr at various temperatures. 


1 JL 



Fig. 6.10 Effect of cr.lcinc.tion and sintering temperature 
on the C-n/a-r axial ratio. 
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Fig, 6,11 Plot of pCos0 vs Sin© for PZT samples 
calcined at various tgmpera tures f o 

1 hr. and sintered at 1260 0/ 1 hr. 
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Fig. 6.13 Plot of p Cost vs Sint for i-* 
calcined at 86C°C/1 hr and sin 
various temperatures for 1 hr. 


Plot of pCoofr vr, 3in£ for 1.1 T s.^ler 
cnlcincd ->t r 'C° 3/ 1 hr -tv! '-inter' d 
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PERCENT COMPOSITION FLUCTUATION 


Calcined at various temperatures 

for 1 hr and sintered at 1260°C/1 Hr. 

Calcined at 860°C/1hr and sintered 
for 1 hr at various temperatures. 



mm 




TEMPERATURE, C 

Fig. *.16 

Effect of calcination and sintering temperatures 
on the composition fluctuation of Pb(Zr 0 ^Tig 
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* -* Calcined at 860 C for various time: 

and sintered at 1260 C/1 hr. 

• -> Calcined at 860°C/1hr and sintered 

at 1260 C for various times. 



r~t i i i i i i | i i " i i i i " i i i | i n i r~r~T~r~r~7 i r' i , n"rrrT" i 

2 4 6 8 

TIME,hrs 


Fig. 6.17 Effect of calcination and sintering times 
on the piezoelectric strain coefficient 
of Pb(Zr 0<5 Ti 0> 5 )0 3 . 
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Effect of 
on the pi 
Pb(Z r o. 5 T i 


calcination 

ezoelectric 


„ JO,, 
u. 5 3 


and sintering temperatures 
strain coefficient of 


Fig. 6.18 



STANDARD DEVIATION (d 33 ) 



Fio. 6.19 Variation of standard deviation of piezo - 

electric strain coefficient, d 33 as a function 
of composition fluctuation. 
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-* Colcined ot B60°C fc 
ond sintered ot 1260 



i i i n i i'll i i i i — r~i — r~t i — i~t~i i — i — r~r ' i n~r~) 

4 6 8 

TIME, hrs 


Effect of calc inrtion and sintering times cn 
the density of Pb(Zr^ .Ti~ , )Cu. 



DENSITY, gm.cm 
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TEMPERATURE, C 


Effect of calcination and sinlering temperature 
on the density of Pb(ZrQ ^Ti - ^)Og. 


Fig. 6.22 


PERCENT POROSITY 



TIME, HRS 


Fig. 6.23 Effect of calcination and sintering times on 
the porosity of Pb(Zr^ ^Ti^ 5 )^ 3 * 


PERCENT POROSITY 



TEMPERATURE, C 


Fio. 6.24 


Effect of calcination and sintering temperatures 
on the porosity of Fb (Zr c ^ ^Tig. 5 ) ° 3 * 



VICKERS HARDNESS 



6.25 


^ ,° f Calclna ti 0 n and sintering tites on 
Vrcicers hardness of Pb(Zr 0<s n )0 


VICKERS HARDNESS 



Effect of calcination and sinterino temperatures 
on the Vickers hardness of Pb(Zr Q> 5 Ti o.5^ 0 3* 



6.1 XRD ANALYSIS: 
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The obtained results indicate that the tetrocoral 
lattice parameter increases on increasing calcination 

temperature and time while ’C T ' remains more or less 
constant. The axial ratio C^./a j indicating the degree of 
tetragonali ty decreases with increasing calcination 
temperature and time together with the inhomogeneity. All 
these point out that homogenisation of the microcomposition 
indeed occurs in the lead-zirconate- titan ate composition 
with x=0.5. The composition, fluctuation initially in 
the PZT solid solution lead to the formation of very small 
regions rich in either the tetragonal lead titanate phase 
or the rhombohedral lead zirconate phase. XRD plots 
reveal that some amount of free zirconia is also present 
in each of the sample sets A, B,C, D and E from which studies 
of the calcination effect are being made. Vasiliu et al [45] 
had prepared Pb (Zr^i^^Og with x= 0.53 and had found that 
when the sintering temperature was about 1200°C, the Cj/aj. 
ratio was 1.017. Considering that the composition used in 
the present work with x= 0.5 is more towards the tetragonal 
side of the PZT phase diagram and the additional tetragonali ty 
induced by some of the unreacted zirconia, the measured Cj/aj 
ratio between 1.C26-1.033 is fairly consistent with that of 
[45], On increasing the calcination temperature and time the 
enhanced diffusion effects on the Zr and Ti ions caused the 
tetragonal PbTiOg rich microregion to become increasingly rich 
in Zr content leading to lower tetragonality. It is also 



possible that more Zr from the unreacted Zr0 o entered. the 
solid solution and decreased its tetragonality. 

The results obtained on varying the sintering 
temperature cannot however be explained adequately by the 
microcomposition fluctuation theory. It is true that on 
increasing the sinterin: temperature of samples calcined 
at 860°C for 1 hr from 1100°C to 1260°C the tetragonality 
decreases as does the composition fluctuation. But increasing 
the sinterting temperature to 135C°C also increases the 
inhomogeneity strangely . Increasing the sintering time for 
PZT compositions calcined under identical conditions produ- 
ce similar results. The corresponding increase in tetragon- 
ality is a sufficient indicator that Zr ions in the form of 
Zr0 9 precipitate have come out of the PZT solid solution. 

The relative intensity of the monoclinic ZrC^ peaks is 
greatest in samples F and G which had been sintered at 
1260°C for 4 and 7 hours respectively and in sample I 
which was sintered at 1350°C. 

A PZ+Z packing powder was used both during 
calcination and sintering to prevent PbO volatilisation 
from the PZT compacts. In spite of it some amount of PbO 
vaporisation did occur leading to the precipitation of 
monoclinic ZrO^. This was probably because of the high 
ZrO^ content of the packing powder; which had a lower PbO 
vapour pressure compared to that of pure PbZrO^. Besides, 
the packing powder was kept in a sagger at the base of the 
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alumina crucible, which was sealed at the top with alumina 
powder. PZT compacts, buried beneath the PZ+Z powder with 
a platinum foil separating the two would have been a better 
arrangement. However due to the unavailability of Platinum 
foils the latter arrangement could not be resorted to. 

The lower tetragonality of PZT sintered at 135Q°C 
(Set I), inspite of the precipitation of Zr0 0 is due to 
a possible solid state diffusion of Ti ions from the samples 
to the atmosphere powder through the porous alumina substrate 
(Fig. 5. ID). Kingion et al [52] had reported that diffusion 
of Ti ions from PZT compacts to the packing powder occur 
at relatively fast rates when no platinum foil is placed 
between tiie powder and the compact. 

All the precipitated ZrOp however did not come 
; rom tho PbZrO^ rich regions in the PZT solid solution. A 
small amount, certainly came from the decomposition of the 
samll amount of PbZrO^ which had formed at a lower tempera- 
ture and which subsequently did not dissolve into the solid 
solution later due to the fast heating rate . 

6.2 S£M Analysis: 

Scanning electron micrographs were taken to see 
the distribution of the second phase ZrQp particles on 
sintered lead zirconate titanate compacts. The secondary 
and iv ok scattered electron images confirm the presence of 
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For better representation both micrographs have been 
selected from regions in the sample where the presence of 
a second phase is coinparitively low. The uncontrolled 
grain growth of PZT sintered at 1260°C for 7 hours is due 
to tho non introduction of any additive. 

6.3 Piezoelectric Properties: 


Results show that the average value of the 
piezoelectric strain coefficient, d~ 3 increases on increasing 
the calcination temperature/ time or the sintering temperature/ 
time. It has been reported in literature the piezoelectric 
constants of lead zirconate titanate ceramics are maximum 

near tho morphotopic phase boundary (x=C.535). The composition 
in the nrosont work was chosen close to the MPB, on the 

..otr agonal side (x=0.5G). 

! 7hon the tetragonality decreases the ’d^ ’values 
got higher obviously because a greater amount of the sample 
mass has a chemical composition closer to that at the MPB. 

Tho compari tively high values of *d 33 'obtained for set G 
where inhomogeneity is maximum does not fall in line with 
this reasoning, however. It can' be explained on the basis 
of rnicrocracking of large grain sized specimens during 
poling. At the microcracks or separation at grain boun- 
daries, space charge is created leading to higher d 33 values 
[65]. 


While measuring the strain constan, it was 


observed that all macroscopic regions in the same sample 
discs did not give the same value. 


It was decided to observe then whether the 
microscopic composition fluctuation measured by XRD 
analysis could be related to deviations in the values of 
’d^ '• From the pellets of a particular sample set, discs 
were cut and prepared for ‘d^^ measurement. The discs were 
then selected randomly. Probes were connected at various 
points of the same discs and for each point 5 readings 
were taken. After about 180 readings for each set, 
standard deviations of the recorded values were calculated. 


Using the standard deviations of the dg^ values 
and the composition fluctuation as two separate independent 
variables, the coefficient of rank correlation *r* between 
them was calculated £66] . *r* was found to equal 0.7574. 
Using standard correlation coefficient tables 1.66 pg. 268] 
we can say with 95^ accuracy that a strong correlation 
exists between composition fluctuations and deviations in 
measured values of'dgg. ' 

6.3 ii) The dynamic test method for measurement of resonant 
and antiresonant frequencies which is described in Chapter 1 
was tried in measuring the frequencies of the prepared 
samples using an impedance analyser. 
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Though the nature of the frequency reactance 
plot ( Fig. 6.8) was exactly similar to that obtained, in 
standard piezoelectric specimens manufactured by American 
Piezoceramics Inc., Mackeyville, PA 17750, USA, values of 
the mentioned frequencies could not be obtained because the 
reactance was negative at all frequencies. The reason can 
be attributed to the low dielectric constant, which lowered 
tho capacitance of the prepared samples ( 100-500 PF at 
100 KHZ) compared to the 1.3 nF at the same frequency for 
the standard. The low capacitance was caused because of a 
less than ideal microstructure in the specimens. The 
calcination tine was very low ( 1 hr) for most of the 
camples and the heating rate was sufficiently high upto 
the sintering temperature. Besides each set of sample 
had phases other than lead-zirconate-titanate present also. 
Good dielectric constants are obtained in piezoceramics only 
when the material has dense uniform grains with minimum 
porosity and no second phase. As the aim was primarily 
to characterise the inhomogeneity in the specimens heating 
schedules conducive to producing an ideal microstructure 
were not selected. 

6.4 Density and Porosity s 

The density and porosity data provided in table 
6.4 indicate that the density increases significantly on 
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increasing the calcination temperature from 760°C to 960°C. 
Although increasing calcination time increased the densities, 
the rise was not so sharp as when temperature was increased. 
Robinson et al [67] showed that about 3y. of the reactants 
remained unreacted even after a temperature of 770°C was 
reached in- lead-zirconate- titanate specimens. These 
unreacted materials affect the sinterability according to[47j. 
The results in table 6.4 corroborate the work of Buckner 
et al [47], 

However increasing the sintering temperature from 
1100°C to 1260°C did not cause any increase in density 
and a further increase to 1350°C actually lowered the den- 
sity. It is possible that the pore size increased after an 
ootimum sintering temperature was reached. Increasing the 
sintering time from 4 to 7 hrs. at 1260°C also increased 
the porosity. Both samples I and G have shown significant 
ZrCV, precipitation . Therefore durin,: the sintering of 
these samples significant PbO vapourisation had occured. 

As the rate of evaporation of PbO was greater than the rate 
of rccondensation the porosity increased with a subsequent 
decrease of density. 

6.5 Vickers’ Hardness: 

The data provided in Table 6.5 indicate that 
Vickers hardness increases dramatically with increase in 
the calcination temperature. A higher calcination time also 
promotes a greater hardness value. The composition 
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used in the present work had x=0.5. From[28j it is 
understood that when x=0.5, the mechanical properties 
of Pb(Zr x Ti^ <>iiX )02 solid solution get improved. Increasing 
the calcination promotes higher homogeneity i.e. a greater 
percentage of the sample mass has composition closer to 
the desired value. The Vickers hardness is therefore 
higher for samples of greater homogeneity . 

However it becomes non-realistic to attribute the 
entire change in hardness data to changes in the composition 
fluctuation values in these ceramics. The Vickers indenter 
produces a dent in the sample; the dent being caused by 
some amount of plastic flow. Plastic deforma tior in ceramics 
involves a complex process of dislocation movement and 
slippage along with pulverisation and rotation of the 
fragments as they continue to adhere to each other. A 
less calcined specimen with a corresponding greater amount 
of unreacted constituent and weaker bonding between grains 
therefore has lower hardness value. 

Samples which were sintered differently showed 
some interesting Vickers hardness results. Samples I and G 
had very high composition fluctuations, vet they showed 
higher hardness. These samples also had lower densities 
compared to other specimens. It is speculated that 2x0^ 
precipitation increased the Vickers hardness values. 



CHAPTER 7 


CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 


Conclusions : 


1. The composition fluctuation at the B sites of the 
perovskite lattice type PbCz^Ti^ )Og [x=0.5] were - 
measured by the X-ray line profile technique with high 
accuracy. Increased temperature and time of calcination 
decreased the inhomogeneity. Increasing the sintering 
temperature initially lowered the inhomogeneity. However 
samples sintered at high temperatures and for long periods 
in a ZrOp rich PZ+Z atmosphere showed high composition 
fluctuation. 

2. Particles of zirconia were found to precipitate out 
at prolonged sintering times and high temperatures due 
to removal of PbO through the vapour phase. While this 
contributed to an increased composition fluctuation at 
the B sites it may also have been responsible for high 
Vickers hardness in some samples. 


3. The d^^ values of PZT samples increased on increasing 
the calcination time or temperature during fabrication. 
Increased sintering time or temperatures during proce- 
ssing also led to higher values of d^g i n "the samples. 
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The fluctuations in the measured d^ values correlated 
well with composition fluctuations in these ceramics. 

4. The Vickers hardness of PZT ceramics increasedon 
increasing the calcination time or temperature and 
sintering time or temperature during processing. In 
most cases an increased inhomogeneity led to lower 
Vickers hardness value. Deviations * were observed in 
samples where considerable Zr0 2 precipitation occured. 

It is possible that the Zr0 2 precipitation promoted a 
strengthening effect. 

Suggestions : 

1. The line profile analysis can also be used to 
calculate the composition fluctuation at the A sites of 
the perovskite lattice, for example ’y* for the compo- 
sition (Pb Ba, , ) (Zr Ti. )0 o .In this case the broade- 

y 1-y' x 1— x 3 

ning of the 001 peaks must be measured. 

2. In the present investigation it was observed that 
?irconia precipitation in PZT ceramics did not lower the 
d^ 2 values of specimens. This observation has got 
important implications and needs careful research. It may 
be possible to enhance the mechanical properties of these 
ceramics by controlled precipitation of Zr0 2 without decreasing 
the piezoelectric properties. 
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Measurement scheme for piezoelectric oe ramies 


Constanta 


Specimen and orientation 


Measurement scheme, or calculation method 


*fi' *ii. <f|i Bar plated on faces perpendicular to Z. 


«u 


€n 


*1 


' t* 

1* *1* 




Bar plated on faces perpendicular to Z . 

Bar plated on faces perpendicular to Z. 

Bar poled along Z , but with plating on faces perpendicular to X. 


Bar poled along Z, but with plating on faces perpendicular to X. 
Bar polod along Z $ but with plat ing on faces perpendicular to X . 

Bar polod along Z p but with plating on faces perpendicular to X. 
Bar poled along Z , but with plating on faces perpendicular to X . 
Square plate with faces perpendicular to Z. 


Square plate with faces perpendicular to Z . 
g Z* *«» Bar pl a ^d on faces perpendicular to Z, and with length along Z. 


Beeonanoe measurements of the length 
extenaional mode. 

From above, using *5 »■ (1 — 

Measurement of low -frequency capacitance. 

Overtones of thickness shear mode of the 
same bar as above, but with signal field 
along X. 

Measurement of low-frequency capacitance. 

Measurement of high-frequency (clamped) 
capacitance. 

*..* - i - «!,/<£• 

= •zm - *„■)• 

Fundamental resonance frequencies of the 
two oontour-extensional modes of a 
square plate. 

*i» *f* ^u ,a n* 

Resonance measurements of length ex ten - 
sion&l mode. 


Sjj, ly ^»i 

K 

d„ 


•f. 

'f* 


Bar plated on faces perpendicular to Z, and with length along Z. merriments of planar exton 

T » V. fn eea nAmAnt^Icul&T tO Z* . • j _ 

gional mode. 


X>Rr pUMATW V/** AWVW — 

Disk with faces perpendicular to Z. 

0 

Disk with faocs perpendicular to Z. 

Disk with faces perpendicular to Z. 

Disk with faces perpendicular te Z. 
Disk with faces perpendicular to Z. 
Calculation. 

Calculation. 

Calculation. v 


or 


Plate with faces perpendicular to Z. 


sionai moot?. 

Resonance measurements of thickness ex- 
tensional mode. 

Measurement of response to hydrosUtio 
pressure. 

Overtone^ f, of thickness extensional mode. 
Calculated from c£, •?,. «n ancl *«' 

*f, = *f. + 



t.* -f tn 1 4~ 2/4 


A' 




+ *f») 

Measure* nent of high-frequency (clamped; 
capacitance. 
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APPENDIX . 3 

Lattice Parameter Calculation from Peak Position: 


Sample Set 


Chemical composition - Pb(ZrQ 5 T 2 .Q 

Phases Present - Tetragonal, Rhombohedral 

Peak Positions : Reflection (002) T (200) j (200)-, (102)^ 

2© 43.72 45.22 44.33 49.92 


For Tetragonal 
Sin 2 © 



h 2 +k 2 



( 002 ) 


Sin 2 © 



= 4.1373R . 


(200) T 

Sin 2 © = - 3 — [-^3 

3 

aj. = 4.0069. 


For Rhombohedral 


If h,k,l are miller indicies in rhombohedral phase, 
then the corresponding miller indices in hexagonal phase is 
given as, 


H = h-k, 


K= k-1 L= h+k+1 



( 200 ) R : 


H— 2 p K— C 9 L-2* 


Sin 2 ©= 


2 

“4 


4 (H 2 +HK+K 2 ) 

3a^ 

Ja H 



0.2404267 = ~ 

3a u*~ r 2 

H C H 

(102) r 

H=l, K=-2 and L=3 


0.3001452 



Solving these two equations, we get 


C H = 7.07 62 % 
a^ 5.7636% 

As a R = § Oaf, + c |) 1/2 

= 4.0788% 

S 1 " <a P./2 5 = — [3 + ( i_)^V2 

a H 

= 89.9066° 

= 90° - a ft = 0.09336° 


n: roj 
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